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 1 
Abstract 
 Single electron oxidative coupling reactions have played a role in organic 
synthesis for almost two centuries, predating Thomson’s discovery of the electron by 
more than sixty years.  These complicated bond-forming systems rely on the 
interconversion of anions, radicals, cations, and radical ions.  Over the last 10-15 years, 
radical cations and the radicals they convert to have been applied to an expanding number 
of carbon-heteroatom and carbon-carbon bond-forming reactions.  Given the complexity 
of these systems, full application of these transformations requires a fundamental 
understanding of the mechanistic impact and importance of the factors involved in a 
given reaction system.  The research presented herein represents a careful mechanistic 
analysis of the controlling factors that exist in the single electron oxidative coupling of 
activated olefins, while contributing alternative synthetic strategies that utilize this newly 
elucidated information for more efficient protocols.   
 The body of work presented in this dissertation presents the following:  1) 
investigation of the interplay of solvent, oxidant, and substrate structure established that 
the rate limiting step of the single electron oxidation of β-dicarbonyls is the solvent-
dependent decay of the radical cation; 2) development of a novel CAN-mediated 
synthesis of tetra-substituted pyrazoles from β-diketones yielded an alternative synthetic 
pathway to propyl pyrazole triol, an estrogen receptor ligand; and 3) the detailed kinetic 
and spectroscopic analysis of organo-SOMO activation, an intricate system containing 
organocatalysis, phase transfer, single electron oxidation, and free radical chemistry  
provided information necessary to propose a catalytic cycle and optimize the synthetic 
protocol, decreasing reaction times. 
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Chapter 1.  Single electron oxidative coupling of carbonyl-containing compounds 
1.1 Origins of single electron oxidative coupling 
Single electron oxidative coupling reactions have played a role in organic 
synthesis for almost two centuries, predating Thomson’s discovery of the electron by 
more than sixty years.1  The foundation for this class of transformations in organic 
synthesis was laid by the seminal work of Faraday in 1834.2  He observed that upon 
application of voltage to a solution of aqueous potassium acetate, gas evolved from the 
surface of the anode.  In 1854, Kolbe, the namesake of this reaction, demonstrated that 
the bubbles resulted from decarboxylation of the acetate, consisting of CO2 and ethane.3   
The mechanism in Scheme 1.1 illustrates this process.  Carboxylate 1 is oxidized on the 
surface of the anode to generate carboxyl radical 2, which decarboxylates, yielding 
radical 3.  When acetate is utilized, 3 is a methyl radical and rapidly homocouples to 
produce ethane.4  Radicals generated from higher substituted carboxylates can be 
oxidized a second time to cation 5.  Nucleophilic attack by H2O, alcohol, or another 
nucleophile present in solution on the cation yields the final product 6.5  The 
transformations illustrated in this very early work remain the basis of newly developed 
reactions that are ever increasing in sophistication.   These complicated bond-forming 
systems rely on the interconversion of anions, radicals, cations, and radical ions. 
 
Scheme 1.1.  Mechanism of the Kolbe Reaction.5  
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 Despite the longstanding presence of single electron oxidation in organic 
synthesis, utilization of radical cations as the key reactive intermediates in complex 
transformations has lagged behind anions, cations, and neutral radicals due to the 
perceived complexity of these high energy species.6  However, over the last 10-15 years, 
radical cations and the radicals they decay to have been applied to an ever expanding 
number of carbon-heteroatom and carbon-carbon bond-forming reactions.  In particular, 
the oxidations of carbonyl-containing compounds have been applied to both the early- 
and late-stage syntheses of intricate natural products and biologically active targets.   
1.2 Oxidation of activated olefins 
 Ketones, esters, amides, and aldehydes all share a key chemical property vital to 
single electron oxidations; they can be readily converted to activated olefins (Figure 1.1).   
 
Figure 1.1.  Oxidative Properties of Activated Olefins. 
 
 4 
Enols, enolates, their corresponding silyl enol ethers, and enamines have seen wide use as 
nucleophiles in numerous two-electron, carbon-carbon bond-forming reactions.  The 
activation in structure arises from conversion of a 2π-electron system in carbonyl 
compounds to a 4π-electron system in the activated alkenes.  The same electronic 
properties make these electron-rich olefins susceptible to single electron oxidation by 
chemical reagents (e.g. Fe(III),7-9 Cu(II),10-12 Mn(III),13,14 Ce(IV),15 I(III) and (V),16,17 etc.), 
and anodic oxidation.18,19  The removal of an electron from these structures results in a 
resonance-stabilized radical cation capable of free radical chemistry.  These reactive 
intermediates can also eliminate to form neutral radicals, in the case of enols and 
enolates, or remain as an iminium, in the case of enamines, which participates in free 
radical transformations (Scheme 1.2).  Addition of a radicophile yields a product radical 
 
Scheme 1.2.  Elimination of radical cations.   
 
capable of further bond-forming processes.  Each of these radicals can be further oxidized 
to a cation, which is susceptible to nucleophilic attack or elimination.  Because of the 
numerous reaction pathways available to radical cations, they can generate complex 
mixtures of products.  The reactions in Schemes 1.3 and 1.4 best illustrate this point.20  
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intramolecular cyclization with the allenyl group to generate delocalized radical 10, 
which is responsible for the variety of dimers that result from the process (Scheme 1.3).  
 
Scheme 1.3.  Mn(OAc)3-Mediated Intramolecular Cyclization and Dimerization of 7.20  
 
 
Scheme 1.4.  CAN-Mediated Oxidative Coupling of 11 and 13 (R=alkyl, aryl; 
R’=alkyl).21    
 
Likewise, 11 is oxidized by ceric ammonium nitrate (CAN) to generate radical cation 12 
(Scheme 1.4).21  Butadiene (13) adds to the radical cation to generate product radical 14, 
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which can be oxidized by CAN.  The resulting resonance-stabilized cation 15 can be 
trapped by internal ligand transfer of a nitrate from CAN to  
yield the two products in a 1:1 mixture.  However, the facile access to complex mixtures 
of products can be mitigated through careful consideration of the properties of the 
reactive intermediates generated over the course of the reaction.  Determination and 
application of the kinetic and thermodynamic properties of these structures allow the 
synthetic organic chemist chemoselective access to a wealth of robust, chemoselective 
bond-forming reactions. 
1.2.1 Enolate oxidations 
The oxidative coupling of enolates dates back to the 1930s.  Ivanoff and Spasoff 
demonstrated that the enolate of phenylacetic acid undergoes oxidative dimerizations 
when exposed to molecular oxygen or iodine.22  This transformation produced low yields 
and many side products.  Forty years later, Rathke and coworkers presented the efficient 
homocoupling of enolates derived from esters (16) to give substituted succinate diesters 
(17) (Scheme 1.5).23  In the first step of this transformation, the ester is deprotonated by 
the lithium base, generating Li-enolate 18.  This electron-rich species is oxidized by 
Cu(II) to radical cation 19, which was thought to undergo rapid elimination to neutral 
radical 20.  The product radical then dimerizes, giving 1,4-dicarbonyl 17 in yields as high 
as 95%.  From this early work, a wide variety of oxidative coupling reactions have been 
developed that are initiated by single electron oxidation of an enolate.  These processes 
were originally mediated by copper(II) triflate (Cu(OTf)2),24 FeCl3,25 I2,22 TiCl4,26 and 
AgCl.27    
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Scheme 1.5.  Cu(II)-Mediated Oxidative Dimerization of 16 (R=alkyl, R’=Me, Et).23  
 
 Modern application of Rathke’s seminal work is best exemplified by the work of 
Thomson and coworkers.28  Treatment of one enantiomer of α,β-unsaturated ketone 21 
with lithium diisopropylamide (LDA) produces a lithium enolate, which is oxidized by 
Cu(II) (Scheme 1.6).  Homocoupling of the oxidized enolate generates 22 in moderate to 
good yields with excellent diastereoselectivity.  This transformation results in the 
formation of a sterically crowded 1,4-diketone.  Lewis acid-mediated elimination of  
 
Scheme 1.6. Cu(II)-Mediated Dimerization of 21 and Formation of BINOL 23.28  
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MeOH from both rings of single diastereomer 22 produces enantiomerically pure C2-
symmetric BINOL (23) in high yield.  These compounds are important chiral auxiliaries 
in asymmetric induction reactions.29  
 In addition to dimerizations, Jahn et al. have demonstrated that radicals generated 
from enolates can perform intramolecular cyclizations to form highly substituted 
carbocycles, furans, and pyrrolidines through oxidation by ferrocenium 
hexafluorophostate (FeCp2PF6).30, 31  The diethyl malonyl enolate of 24 is generated in 
situ using lithium base and ethylchloroformate (Scheme 1.7).32  Fe(III)-mediated 
oxidation followed by intramolecular cyclization yields cyclopentane 25 in a 2:1 
(trans:cis) ratio of diastereomers.  The trans diastereomer was then utilized in the total 
synthesis of the monoterperne natural product dihydronepetalactone.33  Jahn also applied  
 
Scheme 1.7.  Fe(III)-Mediated Oxidative Cyclization of 24 in the Total Synthesis of 
Dihydronepetalactone.32  
 
 
the intramolecular ring-formation to the library synthesis of biological metabolites such 
as isoprostanes, which are formed from arachidonic acid under oxidative stress in 
humans.  They are associated with atherosclerosis, as well as pulmonary, cardiovascular, 
and Alzheimer’s diseases.34  The enolate of 26 was oxidized by FeCp2PF6 (Scheme 1.8).  
The product radical resulting from intramolecular cyclization was trapped with TEMPO 
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to yield 27.  This ring formation resulted in the synthesis of a five-membered ring bearing 
all of the ring-based chiral centers present in the final natural product.   
 
Scheme 1.8.  Fe(III)-Mediated Oxidative Cyclization of 26 in the Library Synthesis of 
Isoprostanes.34  
 
 
 Enolates can also heterocouple with other anionic species.  In 1975, Saegusa et al. 
demonstrated the heterocoupling of enolates derived from methyl ketones (28) to acetone 
(29) (Scheme 1.9).35,36 A two-component mixture of radicals in equal quantities can 
statistically form 50% heterocoupled product and 50% total homocoupled products.  To 
increase the yield of the heterodimer, Saegusa employed a superstoichiometric amount of 
acetone.  Under these conditions, >50% yield was obtained for all heterocoupled 
products.   
 
Scheme 1.9.  Cu(II)-Mediated Heterocoupling of Methyl Ketones (28) to Acetone 
(29).35,36   
 
 
 Baran et al. demonstrated that lithium enolates could be coupled with lithium 
carbanions derived from indoles through single electron oxidation.37  The Cu(II)-
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mediated coupling of carvone (30) with indole (31) afforded 32 (Scheme 1.10).  This 
compound is a key intermediate in the syntheses of natural products (+)-hapalindole Q38  
and (-)-12-epi-fischerindole U isothiocyante.39  The coupling of carbonyls and indoles 
was also applied to the total syntheses of acremoauxin A,40 a plant-growth inhibitor, and 
the natural product oxazinin 3 (Figure 1.2).41,42  Additionally, they demonstrated that the 
same design principles applied to the substitution of pyrroles for indoles.41  The  
 
Scheme 1.10.  Cu(II)-Mediated Coupling of Carvone (30) and Indole (31) in the Total 
Synthesis of (+)-Hapalindole Q and (-)-12-epi-Fischerindole U Isothiocyante.37  
 
 
Figure 1.2.  Structures of acremoauxin A and oxazinin 3. 
 
Scheme 1.11.  Fe(III)-Mediated Cyclization of 33 in the Total Synthesis of Ketorolac.41  
O
N
H
O
N
H
+
1) LDA
2) Cu(II)-2-ethylhexanoate
THF, -78 oC
N
H
H NCS
N
H
H
H
SCN
(+)-hapalindole Q
(-)-12-epi-finscherindole U
isothiocyanate
53%
30
31 32
HO
O
HN
OH
OHOH
O
H
N O
HO
NH
H
H
acremoauxin A oxazinin 3
O
N
CO2H
H
ketorolac
N
O
N
S
O O
H
N
O
N
S
O O
H
H1) LiHMDS, Et3N, -78 oC
2) FeCp2PF6, 12 oC
THF
38%33 34
 11 
intramolecular cyclization of 33 to form 34 was used in the synthesis of the NSAID 
ketorolac (Scheme 1.11).43  It is important to note that this cyclization forms the lone 
chiral center of the drug through a diastereomeric transition state.   
 In 2006, Baran demonstrated a method for the heterocoupling of 1:1 mixtures of 
enolates that resulted in non-statistical yields of products (Scheme 1.12).8  As described 
in this chapter (vide supra), the highest statistical yield for the heterocoupling of radicals 
is 50%.  However, product yields in this system ranged as high as 91%.  The propensity  
 
Scheme 1.12.  Intermolecular Oxidative Heterocoupling of Enolates.8  
 
of enolates of differing structure to heterocouple was applied to the total syntheses of (-)-
bursehemin8 and (-)-stephacidin A.44  The coupling of ester 35 with amide 36 yielded 
unstable 1,4-dicarbonyl 37 (Scheme 1.13),  which was utilized without purification to 
synthesize bursehernin, an anti-tumor agent.45  An intramolecular heterocoupling was 
employed in the synthesis of stephacidin A,44 which displayed cytotoxicity towards tumor 
 
Scheme 1.13.  Cu(II)-Mediated Intermolecular Oxidative Coupling of 35 and 36 in the 
Total Synthesis of (-)-Bersehernin.8  
N
R
R1
O
R2
R4
O
R3
N
R
R1
O
R2
R3
R4
O
+
1) LDA
2) Cu(II)/Fe(III)
51-91%
O
O
O
O
OMe
OMe
O N
O O
O
O
OMe
OMe
+
O N
O O
O
O
OtBuO
OMe
OMe1) LDA, LiCl,
   -78 -> 0 -> -78 oC
2) Cu(2-ethylhexanoate)2
   -78 -> 23 oC
THF
(-)-bursehernin
41%
O OtBu
35
36
37
 12 
 
Scheme 1.14.  Fe(III)-Mediated Intramolecular Oxidative Cyclization of 38 in the Total 
Synthesis of (-)-Stephacidin A.44  
 
 
cells.46  The Fe(III)-mediated oxidative cyclization of 38 generated 39, forming a fused 
tricyclic structure (Scheme 1.14).  Overman and coworkers utilized a similar approach for 
the intramolecular oxidative coupling of 40 (Scheme 1.15).47  The resulting 41 was 
utilized in the total synthesis of (-)-actinophyllic acid, an agent that upregulates the 
removal of small blood clots from blood.48    
 
Scheme 1.15.  Fe(III)-Mediated Intramolecular Oxidative Cyclization of 40 in the Total 
Sythesis of (-)-Actinophyllic Acid.47  
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solution.49  Lithium enolates do not exist in THF as monomers (42 and 43), but instead as 
a distribution of tetrameric aggregates (44) (Scheme 1.16).  The distribution of these 
tetramers results from the difference in structure of the starting carbonyl compounds.  
Tetramers comprised of 42 and 43 exist in a ratio of 14.3:1 heteroaggregate to total 
homoaggregates.  This ratio, observed via 7Li NMR, correlates with the selectivity of the 
products obtained (12.4:1, 45:47). 
 
Scheme 1.16.  Oxidative Coupling of Lithium Aggregate 44.49  
 
1.2.2 Silyl enol ether oxidations 
 Silyl enol ethers are neutral structural analogues of metal enolates.  They can be 
easily isolated, stored, and many are commercially available.  The main structural 
differences between silyl enol ethers and lithium enolates are that silyl enol ethers do not 
aggregate and are neutral compounds. Ruzziconi demonstrated an oxidative 
heterocoupling of silyl enol ethers in a CAN-mediated process (Scheme 1.17).50  In this 
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yields of heterocoupled product decreased as the ratio of the silyl enol ethers approached 
1:1.   
 
Scheme 1.17.  Ce(IV)-Mediated Oxidative Coupling of 48 and 49.50  
 
 Livinghouse and Ryter developed a V(III)-mediated intramolecular oxidative 
allylation of silyl enol ethers (Scheme 1.18).51  In the first step of this approach, an α,β-
unsaturated carbonyl compound (51) is treated with an allylcuprate (52) and 
trimethylsilylchloride to generate the silyl enol ether (53).  The crude 53 is then oxidized 
with (CF3CH2O)VOCl2, cyclizes, and eliminates the silyl group to form 54 in an 83%  
 
Scheme 1.18.  Two-Step V(III)-Mediated Intramolecular Oxidative Cyclization.51  
 
yield over two steps.  They also probed several of the controlling features of the 
transformation.  When the pendant olefin is of inadequate length for radical cyclization  
 
Scheme 1.19.  V(III)-Mediated Dimerization of 55.51  
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(55), the oxidized silyl enol ethers predominantly dimerize (56) (Scheme 1.19).  When 
the pendant olefin lacks a silyl group to direct the final elimination step (57), double bond 
formation is subject to multiple elimination pathways observed in cation chemistry 
(Scheme 1.20).  Finally, the heterocoupling of 60 with 2 equiv 61 produced 62 in a 75% 
yield with only trace amounts of homocoupled product observed (Scheme 1.21).   
 
Scheme 1.20.  V(III)-Mediated Intramolecular Oxidative Cyclization of 57.51  
 
 
Scheme 1.21.  V(III)-Mediated Intermolecular Oxidative Coupling of 60 and 61.51  
 
Langer demonstrated that conjugated bis-silyl enol ethers can oxdatively dimerize 
to form ester-substituted dihydroquinones (Scheme 1.22).52  When 65 is treated with 6 
equiv CAN in the presence of excess base, 66 is formed.  In this process, 65 dimerizes 
and undergoes successive follow-up oxidations, resulting in formation of an aromatic 
ring.   
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Scheme 1.22.  Ce(IV)-Mediated Oxidative Dimerization and Aromatization of 65.52  
 
 
Ruzziconi et al. utilized oxidative coupling of 67 with ethyl vinyl ether in the 
synthesis of fused tricyclic structures (Scheme 1.23).53  The Ce(IV)-mediated oxidative 
coupling of the two enol ethers resulted in the formation of two acetals. The crude 
mixture of protected carbonyls was deprotected with sulfuric acid and oxidized with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to form 68 in a 70% yield over two steps.   
 
Scheme 1.23.  Ce(IV)-Mediated Oxidative Coupling of 67 and Ethyl Vinyl Ether in the 
Total Synthesis of 68.53  
 
 
Wright and coworkers extended the intramolecular method developed by 
Livinghouse51 to the addition of silyl enol ethers to aromatic rings via electrochemical 
oxidation (Scheme 1.24).54  Again, formation of a silyl enol ether with a pendant 
radicophile (71) was accomplished by the addition of an organocuprate, generated from 
70, to α,β-unsaturated 69.  Electrochemical oxidation of 71 by a graphite electrode 
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Scheme 1.24.  Generation and Electrochemical Oxidation of 71.54  
 
78%.  Moeller et al. applied this electrochemical intramolecular cyclization to the total 
synthesis of (-)-alliacol A (Scheme 1.25)55 which has the ability to inhibit DNA synthesis 
in Ehrlich carcinoma.56  Enol ether 73 was oxidized by a reticulated vitreous carbon 
anode (RVC), producing 74 in an 88% yield.   
 
 
Scheme 1.25.  Electrochemical Intramolecular Oxidative Cyclization of 73 in the Total 
Synthesis of (-)-Alliacol A.55  
 
 
In 2004, Uneyama et al. developed an intermolecular version of the oxidative 
arylation of silyl enol ethers (Scheme 1.26).57 Additionally, they demonstrated that 
fluorination of the electron-rich carbon of the silyl enol ether did not prevent oxidation.  
The Cu(II)-mediated oxidative coupling of 75 with furan generated 76 in an 88% yield.  
This protocol can also be applied to pyrroles and thiophenes.  This approach also 
provides a pathway for the attachment of CF2 to heteroaromatics, a bond-forming process 
which has recently gained a great deal of attention.58  
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Scheme 1.26.  Cu(II)-Mediated Heteroarylation of 75.57  
 
Cyclopropanols are yet another example of efficient radicophiles for oxidative 
coupling.  Using silver as a catalytic electron transfer agent and ammonium persulfate as 
the stoichiometric end oxidant, Narasaka and coworkers coupled silyl enol ethers with 
cyclopropanols (Scheme 1.27).59  Interestingly, they found that the presence of pyridine 
affected the reaction system.  In the absence of the additive, primarily ring-opening of 78 
to 80 was observed.  With pyridine, 79 was generated in an 86% yield.   
 
Scheme 1.27.  Ag/Persulfate-Mediated Oxidative coupling of Silyl Enol Ether 77 and 
Cyclopropanol 78 in the Presence and Absence of Pyridine.59  
 
 
In 1998, Schmittel et al. reported the intramolecular oxidative dimerization of 
silicon-tethered silyl enol ethers (Scheme 1.28).60   When 81 was treated with CAN in 
MeCN, 1,4-diketone 82 was isolated in a 60% yield.  Utilization of the tethered silyl  
 
Scheme 1.28.  Ce(IV)-Mediated Intramolecular Oxidative Coupling of 81.60  
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group imparted high diastereoselectivity into the bond-forming event, attaining a 97% de.  
This selectivity is a result of the ground state structure of the silicon-dimer.  The phenyl 
rings of the two enol ethers extend out from the silicon in opposite directions.  Recently, 
Thomson and coworkers have extended the methodology of heterocoupling of silyl enol 
ethers (Scheme 1.29).  The CAN-mediated oxidative coupling of 83 in the presence of 
NaHCO3 resulted in a yield of 81% for 1,4-diketone 84.61  They then applied this  
 
Scheme 1.29.  Ce(IV)-Mediated Intramolecular Oxidative Coupling of 83.61  
 
methodology to the total synthesis of metacycloprodigiosin (Scheme 1.30),62 a natural 
product with a range of biological activity.63  Using this approach, tethered silyl enol 
ether 85 is generated and oxidized to diketone 86 in a 35% yield over two steps.  Finally,  
 
Scheme 1.30.  Ce(IV)-Mediated Intramolecular Oxidative Coupling of 85 in the Total 
Synthesis of Metacycloprodigiosin.62  
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Thomson et al. demonstrated that by increasing the size of the substituents on the 
tethered silyl group, high diastereoselectivity could be imparted on the heterocoupling of 
tethered silyl enol ethers (Scheme 1.31).64  Treatment of 87 with CAN produced 88 in a 
82% yield with a 92% de.   
 
Scheme 1.31. Ce(IV)-Mediated Diastereoselective Intramolecular Oxidative Coupling of 
87.64  
 
 
1.2.3 Enamine oxidations 
Enamines result from the equilibrium condensation of an amine and a carbonyl-
containing compound.  These structures are electron rich and were traditionally utilized 
as nucleophiles in two-electron chemistry.  In 1992, Narasaka and coworkers utilized this 
electron-rich species to oxidatively couple enamines (89) with silyl enol ethers (90) 
(Scheme 1.32).65  They observed that when 89 and 90 were treated with ceric tetra-n-
butylammonium nitrate in the presence of base at reduced temperature, 81 was generated  
 
Scheme 1.32.  Ce(IV)-Mediated Oxidative Coupling of 89 and 90.65  
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in a 91% yield.  Product enamine 81 could then be converted to an aldehyde with a mild 
acidic workup.  Akita and Koike developed a photochemical analogue of the 
enamine/silyl enol ether heterocoupling (Scheme 1.33).66  When a reaction containing 92 
and 93 as substrates, 94 as an electron acceptor, and 5 mol% tris-(2,2’-bipyridyl) 
ruthenium(II) hexafluorophosphate (Ru(bpy)3(PF6)2) was exposed to sunlight, 95 was  
 
Scheme 1.33.  Sunlight-Driven Oxidative Coupling of 92 and 93.66  
 
obtained in a 61% yield.  Photoexcited-Ru(II) is oxidized by 94 to Ru(III), which 
mediates the oxidation of 92 to a radical cation.  The radical cation of 92 couples with 93 
to give a product radical which is oxidized by 94 or Ru(III) to generate the product. 
Recently, Jia et al. have applied enamine oxidative coupling to the synthesis of 
tri-substituted pyrroles.67,68  They observed that when amine 96 and aldehyde 97 were 
heated in the presence of 2 equiv AgOAc, substituted pyrrole 98 formed in yields ranging 
from 41-80% (Scheme 1.34).  This method utilizes in situ formation of enamine, which 
undergoes Ag(I)-mediated oxidation followed by homocoupling.  The oxidative 
dimerization of the generated enamine irreversibly removes it from the equilibrium, 
shifting the equilibrium towards the products by Le Chatelier’s principle.  The rapid  
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Scheme 1.34.  Ag(I)-Mediated Oxidative Homocoupling of the Enamine Formed from 96 
and 97.67  
 
 
generation of tri-substituted pyrroles provides access to a large class of natural products 
with a variety of biological activities.69  Jia and coworkers applied this method to the total 
syntheses of ningalin B,68 which belongs to a class of compounds that reverses multi-drug 
resistant phenotype,70 and purpurone,67 an inhibitor of ATP citrate lyase, which 
participates in LDL synthesis (Figure 1.3).71  
 
Figure 1.3.  Structures of ningalin B and purpurone. 
 
 The oxidation of an in situ-generated enamine was utilized in an organocatalyzed 
single electron oxidative coupling.  In 2007, MacMillan and coworkers developed 
organo-SOMO activation of an aldehyde through the in situ addition of a chiral 
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secondary amine, forming an enamine (Scheme 1.35).72  The Ce(IV)-mediated oxidative 
coupling of 99 and 100 in the presence of 20 mol% imidazolidinone catalyst 101 resulted 
in the enantioselective formation of α-substituted aldehyde 102 in an 88% yield and 91% 
ee.  Catalyst 100 combines with 99 to form a chiral enamine, which is oxidized by CAN 
to a radical cation containing a singly occupied molecular orbital (SOMO).  The radical 
cation can readily couple with a variety of allylsilanes, pendant allylsilanes,73 silyl enol 
ethers,74 and other radicophiles, providing access to a diverse set of chiral structures.   
 
Scheme 1.35.  Ce(IV)-Mediated Organo-SOMO Allylation of 99 with 100.72  
 
 Coupling of the SOMO intermediate with vinylfluoroborate 104 generates α-vinyl 
aldehyde 105 (Scheme 1.36).75Addition of vinylmagnesium bromide to 105 yields a 1:1  
 
Scheme 1.36. Ce(IV)-Mediated Organo-SOMO Vinylation of 103 with 104.75  
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mixture of diastereomers.  Oxy-Cope rearrangement of the mixture provides 107 in a 
57% overall yield as a single diastereomer while maintaining the original 
enantioselectivity.  This three-step methodology provides efficient access to enantiopure 
quaternary centers. 
SOMO activation can be applied to the synthesis of complex β-amino acids 
(Scheme 1.37).  Utilization of silyl nitronate 109 as a radicophile results in the formation 
of β-nitroaldehyde 110.76  Subsequent oxidation of the aldehyde to a carboxylic acid and 
reduction of the nitro to a primary amine provides 111 in an overall yield of 35% 4:1 
syn:anti ratio of diastereomers and 94% ee.   
 
Scheme 1.37. Ce(IV)-Mediated Organo-SOMO Nitroalkylation of 108 with 109.76  
The enantioselective oxidative coupling of aldehydes with styrenes generates γ-
nitrato aldehydes (Figure 1.4),77 resulting from the addition of styrene to the radical 
cation followed by internal ligand transfer of a nitrate from CAN, a process analogous to 
that observed for the CAN-mediated oxidative coupling of silyl enol ethers and butadiene 
(Scheme 1.4).21  This structural motif provides access to a number of chiral, substituted 
heterocycles.  For example, borohydride reduction yields tetrahydrofurans, mild 
reduction in the presence of a primary amine generates tri-substituted pyrrolidines, 
chromium trioxide oxidation leads to trans-γ-lactones, and Zn-mediated reduction 
followed by chromium trioxide oxidation yields cis-γ-lactones.   
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Figure 1.4.  Heterocyclic motifs accessible from γ-nitrato aldehydes.77  
 
 MacMillan and Nicolaou independently applied organo-SOMO activation to the 
coupling of aldehydes with pendant aromatic rings.  Nicolaou et al. utilized CAN to 
perform an intramolecular coupling of 112 to form 113 (Scheme 1.38).78  They then 
applied this transformation to the total synthesis of demethylcalamenene, a natural  
 
Scheme 1.38. Ce(IV)-Mediated Organo-SOMO Intramolecular Arylation  of 112 in the 
Total Synthesis of Demethyl Calamenene.78  
 
 
product with antitumor properties.79  MacMillan and coworkers developed a similar 
approach utilizing tris(1,10-phenanthroline)iron(III) hexafluorophosphate (Fephen) as the 
oxidant for the oxidative cyclization of 114 (Scheme 1.39).  This method can couple both 
pendant heteroaromatics and substituted benzenes.80  It was applied to the total synthesis 
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of (-)-tashiromine, an indolizidine alkaloid that has been the target of many total 
syntheses.81-84   
 
 
Scheme 1.39. Fe(III)-Mediated Organo-SOMO Intramolecular Heteroarylation  of 114 in 
the Total Synthesis of (-)-Tashiromine.80  
 
 
MacMillan et al. next devised a series of cascade reactions by combining the 
properties of the SOMO-activated addition of styrene and the intramolecular arylation.85   
In the original styrene approach, the product was formed by internal ligand transfer of a 
nitrate from CAN to a benzylic cation.77  MacMillan and coworkers utilized this 
electrophilic intermediate for follow-up nucleophilic attacks from aromatic rings85 and 
pendant, protected amines.86  Application of these nucleophiles provides access to 
multicyclic ring systems containing substituted benzenes such as 117 (Scheme 1.40) or 
pyrrolidines.86  They further extended the reactivity of the radical intermediate through 
multiple unsaturations in polyenes to form multiple fused six-membered rings in one 
reaction with high enantioselectivity (Scheme 1.41).87  
The elucidation of the mechanism of organo-SOMO activation is presented in 
Chapter 5. 
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Scheme 1.40. Fe(III)-Mediated Organo-SOMO Cascade Cycloaddition of 116 and 
Styrene.85  
 
 
Scheme 1.41.  Product of Cu(II)-mediated organo-SOMO polyene cyclization of 118.87  
 
1.2.4 Enol oxidations 
Enols are tautomers of ketones.  Beak evaluated the enol content of a variety of β-
diketones in a range of solvents.88  This work demonstrated that the equilibrium of 
formation of enols that are able to form a six-membered ring, resulting from an 
intramolecular hydrogen bond, favors the enol.  Conversely, enols that cannot form a six-
membered ring are predominantly controlled by the hydrogen-bonding basicity of the 
solvent or the acidity of the medium. The corresponding ketones are not independently 
susceptible to oxidation.  To this end, oxidations of ketones must be carried out under 
conditions that favor enol formation.   
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The pioneering work of Heiba, in 1972, demonstrated that ketones could be 
oxidatively coupled with olefins (Scheme 1.42).89  In this process, the enol of 120 (123) is 
oxidized by Mn(III) to 124.  Olefin 121 adds to the radical to form 125 that is oxidized 
and attacked by the proximal aromatic ring in a Friedel-Crafts-type process to give 122.  
However, this type of transformation was not widely employed.  The main drawback of  
 
Scheme 1.42.  Mn(III)-Mediated Oxidative Coupling of 120 and 121.89  
 
the oxidative coupling of enols was the formation of multiple products.  Baciocchi and 
Ruzziconi oxidized 127 with CAN in the presence of styrene and obtained 128 and 129 
(Scheme 1.43).90  Five years later, Nair reported 130 and 131 as the major products of the 
same reaction with 128 and 129 observed in small amounts.91  The mechanistic properties 
of this oxidation will be discussed in chapter 3. 
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Scheme 1.43.  Divergent Observations for the Ce(IV)-Mediated Oxidative Coupling of 
127 and Styrene.90,91  
 
 
Hwu et al. first reported that the oxidative coupling of a β–diketone (132) and an 
allylsilane can result in two products, 139 and 141.92  They proposed that the size of the 
silyl group on the allylsilane directs the formation of either allylated diketone or 
dihydrofuran.  However, work by Flowers et al. has shown that the coupling of 132 and 
135 can chemoselectively form allylated 139 or dihydrofuran 141, using the same silyl 
group through variation of solvent (Scheme 1.44).93  In this transformation, enol 133 is 
oxidized to radical cation 134, which couples with 135 to produce radical cation 136.  
This product radical cation is oxidized to dication 137.  In nucleophilic MeCN, solvent-
assisted elimination of the trimethylsilyl group provides 138, which deprotonates to form 
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139.  In DCM, deprotonation of 137 yields diketo-cation 140, which cyclizes through 
intramolecular attack of a carbonyl, followed by deprotonation to generate dihydrofuran  
 
Scheme 1.44.  Solvent-Dependent Ce(IV)-Mediated Oxidative Coupling of 132 and 
135.93  
 
141.  The MeCN protocol was applied to the formation of tetra-substituted pyrazoles, 
presented in Chapter 4.  Flowers has also demonstrated that solvent-dependent 
chemoselectivity is observed in the oxidative coupling of 142 and styrene (Scheme 1.45).  
In polar MeOH, dihydrofurans 144 and 145 are formed as the major products.   
 
Scheme 1.45.  Solvent-Dependent Ce(IV)-Mediated Oxidative Coupling of 142 and 
Styrene.94  
 
 
R
O O
R
TMS132
R
OH O
R
R
OH O
R R
OH O
R
TMS
R
OH O
R
TMS
R
OH O
RR
O
O
R
TMS
-e-
-H+
DCM
-TMS
MeCN
R
O O
R
TMS
-H+
133
134
135
136
137 138140141
-H+ R
O O
R
139
-e-
Ph
O O
R
Ph
O
O R
Ph
O
O
R
Ph
CAN
MeCN
CAN
MeOH
+ Ph
R
O
O
Ph
Ph
Ph
ONO2
+
142
143
144 145
 31 
Conversely, in less polar MeCN, 143 is the major product.  Despite these differing 
accounts of the chemistry of enol oxidations, synthetic protocols in the area have been 
developed to exploit the properties of the intermediates generated as a result of enol 
oxidation. 
In 1997, Snider et al. reported the intramolecular allylation of 146 (Scheme 
1.46).95  When substrate 146 is treated with Mn(OAc)3 in acetic acid, 147 and 148 are 
formed in an approximately 1:1 ratio.  Both diastereomers can be converted to 
gymnomitrol, a synthetic target with a novel perhydro-4,8-methanoazulene skeleton, 
without separation.   
 
Scheme 1.46.  Mn(III)-Mediated Intramolecular Oxidative Cyclization of 146.95  
 
Recently, Burton and coworkers have developed an efficient intramolecular cyclization 
of diester 149 with its pendant styrene (Scheme 1.47).96  The Mn(III)-mediated oxidation 
of 149 in the presence of Cu(II) generates fused tricyclic lactone 150 in an 86% yield.  
This transformation converts an achiral substrate into a complex structure containing a 
quaternary carbon and two chiral centers as a single diastereomer.   
O
TMS
O
TMS
O
TMS
HO H
Mn(OAc)3
EtOH/AcOH, 90 oC +
25% 27%
gymnomitrol146 147 148
 32 
 
Scheme 1.47.  Mn(III)-Mediated Intramolecular Oxidative Cyclization of 149.96  
 
In 2002, Muthusamy et al. demonstrated a formal [3+2] cycloaddition of β–
dicarbonyls with exocyclic alkenes.97  These Ce(IV)-mediated transformations result in 
the formation of spirodihydrofurans.  Shishido and coworkers recently utilized this 
oxidative cycloaddition in the final step of the total synthesis of brevione B (Scheme 
1.48), an herbicide.98  The formation of the spirodihydrofuran, using an ionic liquid as the 
solvent, proceeded in a 99% yield with very high diastereoselectivity. 
 
Scheme 1.48.  Ce(IV)-Mediated Oxidative [3+2] Cycloaddition of 151 and 152 in the 
Total Synthesis of Brevione B.98  
 
 
Linker demonstrated the oxidative coupling of 127 with glycals (153), which 
resulted in the formation of glycosides (154) or ortho esters (155) (Scheme 1.49).99  The 
addition of radicals to glycals was strongly influenced by the substituents at the 1-
position.  Unsubstituted or amido-glycals afford exclusively methyl glycosides; whereas, 
esters and nitriles promoted the formation of ortho esters.  
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Scheme 1.49.  Ce(IV)-Mediated Oxidative Coupling of 127 and 153.99  
 
Nicolaou et al. developed two methods that provide access to macrocycles.  In 
2011, they reported the CAN-mediated intermolecular addition of furan 157 to ketoester 
156 (Scheme 1.50).100  This resulted in a 1:1 mixture of diastereomers 158 and 159.  The 
long pendant olefin arms of these compounds could be coupled with olefin  
 
Scheme 1.50.  Ce(IV)-Mediated Oxidative Coupling of 156 and 157.100  
 
metathesis to form macrocycles.  Later, they demonstrated an intramolecular version of 
the same transformation (Scheme 1.51).101  However, they observed different product 
formation depending on the manner in which the oxidant was added to the system.  Slow 
addition of CAN solution to 160 resulted in the intramolecular formation of 161 in a 43% 
yield.  Conversely, addition of CAN in one portion resulted in intermolecular addition of 
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furan to the ketoester to give 162 in a 42% yield.  Nicolaou demonstrated formation of 
macrocycles ranging from 10-20-membered rings from the slow addition of CAN, and 
18-40-membered rings from the rapid addition of CAN.   
 
Scheme 1.51.  Ce(IV)-Mediated Intramolecular Oxidative Cyclization of 160.101  
 Finally, Lei and coworkers demonstrated the efficient coupling of ketoesters with 
terminal alkynes (Scheme 1.52).102  In this Ag(I)-mediated process, ketoester 163 is 
oxidized by the metal and adds to alkyne 164 to give a product radical, which is oxidized 
by a second equivalent of Ag.  The resulting olefin cation is attacked by the most 
nucleophilic carbonyl to form furan 165 in a 95% yield.  Utilization of a ketoenamine 
instead of a ketoester results in pyrrole formation.  This methodology represents a facile 
route to tri-substituted heteroaromatics.   
 
Scheme 1.52.  Ag(I)-Mediated Oxdidative Coupling of 163 and 164.102  
 
 The mechanism of the Ce(IV)-mediated oxidation of 1,3-dicarbonyls and their 
corresponding silyl enol ethers is presented in Chapter 3.   
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1.3 Refining the organic chemist’s toolbox 
 The reactions presented in this chapter all involve the oxidation of an activated 
olefin to a radical cation or a neutral radical, which is then coupled with a radicophile.  
The product of this coupling also bears a radical that can be oxidized again to generate a 
cation.  These transformations represent the synthetic control necessary to develop a 
method that balances the interplay of single electron oxidation, free radical chemistry, 
and cation chemistry.  They provide a wide range of avenues for the formation of one or 
more carbon-carbon bonds and are a significant addition to the organic chemist’s toolbox.  
These tools provide the synthetic diversity that is paramount in the formation of complex 
molecules.  However, the shrewd application of these transformations requires a 
fundamental understanding of the mechanistic impact and importance of the factors 
involved in a given reaction system.  The research presented in this dissertation 
represents a careful mechanistic analysis of the controlling factors that exist in the single 
electron oxidative coupling of activated olefins, while contributing alternative synthetic 
strategies that utilize this newly elucidated information for more efficient protocols.   
1.4 Project goals 
 Chapters 3-5 of this dissertation present the mechanistic properties and synthetic 
application of single electron oxidations and oxidative coupling of activated olefins.  The 
topics presented are:  1) mechanistic studies on the Ce(IV)-mediated oxidation of β-
dicarbonyls; 2) the CAN-mediated synthesis of tetra-substituted pyrazoles, culminating in 
the total synthesis of propyl pyrazole triol, an estrogen receptor ligand; and 3) the 
mechanistic properties and optimization of organo-SOMO activation. 
 
 36 
1.5  References 
 
1. Thomson, J. J. Phil.  Mag. 1897, 44, 293-316. 
 
2. Faraday, M. Phil.  Trans.  Royal Soc.  London 1834, 124, 77-122. 
 
3. Kolbe, H. In Ausfuhrliches Lehrbruch der Organischen Chemie; Braunschweig: 
Viewig und Sohn, 1854; Vol. 1. 
 
4. Vijh, A. K.; Conway, B. E. Chem. Rev. 1967, 67, 623-664. 
 
5. Walling, C. In Free Radicals in Solution; Wiley: New York, 1957; pp 581. 
 
6. Todres, Z. V. In Ion-Radical Organic Chemistry: Principles and Applications; CRC 
Press: Boca Raton, FL, 2009. 
 
7. Jahn, U.; Kafka, F.; Pohl, R.; Jones, P. G. Tetrahedron 2009, 65, 10917-10929. 
 
8. Baran, P. S.; DeMartino, M. P. Angew.  Chem., Int.  Ed.  Engl. 2006, 45, 7083-7086. 
 
9. Jahn, U. J.  Chem.  Soc. , Chem.  Commun. 2001, 1600-1601. 
 
10. Wan, C.; Zhang, J.; Wang, S.; Fan, J.; Wang, Z. Org. Lett. 2010, 12, 2338-2341. 
 
11. Sherman, E. S.; Chemler, S. R.; Tan, T. B.; Gerlits, O. Org. Lett. 2004, 6, 1573-1575. 
 
12. Snider, B. B.; Kwon, T. J.  Org.  Chem. 1990, 55, 4786-4788. 
 
13. Snider, B. B. Tetrahedron 2009, 65, 10738-10744. 
 
14. Snider, B. B. Chem. Rev. 1996, 96, 339-363. 
 
15. Nair, V.; Deepthi, A. Tetrahedron 2009, 65, 10745-10755. 
 
16. Dohi, T.; Ito, M.; Yamaoka, N.; Morimoto, K.; Fujioka, H.; Kita, Y. Tetrahedron 
2009, 65, 10797-10815. 
 
17. Nicolaou, K. C.; Montagnon, T.; Baran, P. S.; Zhong, Y. L. J. Am. Chem. Soc. 2002, 
124, 2245-2258. 
 
18. Moeller, K. D. Tetrahedron 2000, 56, 9527-9554. 
 
19. Lund, H.; Hammerich, O., Eds.; In Organic Electrochemistry, 4th ed. Marcel Dekker, 
Inc: New York, NY, 2001; . 
 
 37 
20. Curry, L.; Hallside, M. S.; Powell, L. H.; Sprague, S. J.; Burton, J. W. Tetrahedron 
2009, 65, 10882-10892. 
 
21. Paolobelli, A. B.; Ceccherelli, P.; Pizzo, F.; Ruzziconi, R. J.  Org.  Chem. 1995, 60, 
4954-4958. 
 
22. Ivanoff, D.; Spasoff, A. Bull.  Soc.  Chim.  Fr. 1935, 2, 76-78. 
 
23. Rathke, M. W.; Lindert, A. J. Am. Chem. Soc. 1971, 93, 4605-4606. 
 
24. Kobayashi, Y.; Taguchi, T.; Morikawa, T.; Tokuno, E.; Sekiguchi, S. Chem. Pharm. 
Bull. 1980, 28, 262-267. 
 
25. Frazier, R. H.; Harlow, R. L. J. Org. Chem. 1980, 45, 5408-5411. 
 
26. Ojima, I.; Brandstadter, S. M.; Donovan, R. J. Chem. Lett. 1992, 1591-1594. 
 
27. Babler, J. H.; Haack, R. A. Synthetic Communications 1983, 13, 905-911. 
 
28. Guo, F.; Konkol, L. C.; Thomson, R. J. J. Am. Chem. Soc. 2011, 133, 18-20. 
 
29. Whitesell, J. K. Chem. Rev. 1989, 89, 1581-1590. 
 
30. Jahn, U.; Hartmann, P. Chem. Commun. 1998, , 209-210. 
 
31. Jahn, U.; Muller, M.; Aussieker, S. J. Am. Chem. Soc. 2000, 122, 5212-5213. 
 
32. Jahn, U.; Hartmann, P.; Kaasalainen, E. Org. Lett. 2004, 6, 257-260. 
 
33. Sakan, T.; Isoe, S.; Hyeon, S. B.; Katsumur.R; Maeda, T. Tetrahedron Lett. 1965, 6, 
4097-4102. 
 
34. Jahn, U.; Dinca, E. Chemistry ? A European Journal 2009, 15, 58-62. 
 
35. Ito, Y.; Konoike, T.; Saegusa, T. J. Am. Chem. Soc. 1975, 97, 2912-2914. 
 
36. Ito, Y.; Konoike, T.; Harada, T.; Saegusa, T. J. Am. Chem. Soc. 1977, 99, 1487-1493. 
 
37. Baran, P. S.; Richter, J. M. J. Am. Chem. Soc. 2004, 126, 7450-7451. 
 
38. Moore, R. E.; Cheuk, C.; Yang, X. Q. G.; Patterson, G. M. L.; Bonjouklian, R.; 
Smitka, T. A.; Mynderse, J. S.; Foster, R. S.; Jones, N. D.; Swartzendruber, J. K.; 
Deeter, J. B. J. Org. Chem. 1987, 52, 1036-1043. 
 
 38 
39. Stratmann, K.; Moore, R. E.; Bonjouklian, R.; Deeter, J. B.; Patterson, G. M. L.; 
Shaffer, S.; Smith, C. D.; Smitka, T. A. J. Am. Chem. Soc. 1994, 116, 9935-9942. 
 
40. Sassa, T.; Yoshida, N.; Haruki, E. Agric. Biol. Chem. 1989, 53, 3105-3107. 
 
41. Richter, J. M.; Whitefield, B. W.; Maimone, T. J.; Lin, D. W.; Castroviejo, M. P.; 
Baran, P. S. J. Am. Chem. Soc. 2007, 129, 12857-12869. 
 
42. Ciminiello, P.; Dell'Aversano, C.; Fattorusso, E.; Forino, M.; Magno, S.; Ianaro, A.; 
Di Rosa, M. Eur.  J.  Org.  Chem. 2001, 49-53. 
 
43. Harrington, P. J.; Khatri, H. N.; Schloemer, G. C. U.S. Patent 6197976, 2001. 
 
44. Baran, P. S.; Hafensteiner, B. D.; Ambhaikar, N. B.; Guerrero, C. A.; Gallagher, J. D. 
J. Am. Chem. Soc. 2006, 128, 8678-8693. 
 
45. McDoniel, P. B.; Cole, J. R. J. Pharm. Sci. 1972, 61, 1922. 
 
46. Qian-Cutrone, J. F.; Huang, S.; Shu, Y. Z.; Vyas, D.; Fairchild, C.; Menendez, A.; 
Krampitz, K.; Dalterio, R.; Klohr, S. E.; Gao, Q. J. Am. Chem. Soc. 2002, 124, 
14556-14557. 
 
47. Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2010, 132, 4894-
4906. 
 
48. Carroll, A. R.; Hyde, E.; Smith, J.; Quinn, R. J.; Guymer, G.; Forster, P. I. J. Org. 
Chem. 2005, 70, 1096-1099. 
 
49. Casey, B. M.; Flowers II, R. A. J. Am. Chem. Soc. 2011, 133, 11492-11495. 
 
50. Paolobelli, A. B.; Latini, D.; Ruzziconi, R. Tetrahedron Lett. 1993, 34, 721-724. 
 
51. Ryter, K.; Livinghouse, T. J. Am. Chem. Soc. 1998, 120, 2658-2659. 
 
52. Langer, P.; Kohler, V. Chemical Communications 2000, 1653-1654. 
 
53. Gourves, J.; Ruzziconi, R.; Vilarroig, L. J. Org. Chem. 2001, 66, 617-619. 
 
54. Whitehead, C. R.; Sessions, E. H.; Ghiviriga, I.; Wright, D. L. Org. Lett. 2002, 4, 
3763-3765. 
 
55. Mihelcic, J.; Moeller, K. D. J. Am. Chem. Soc. 2004, 126, 9106-9111. 
 
56. Anke, T.; Watson, W. H.; Giannetti, B. M.; Steglich, W. J. Antibiot. 1981, 34, 1271-
1277. 
 39 
 
57. Uneyama, K.; Tanaka, H.; Kobayashi, S.; Shioyama, M.; Amii, H. Org. Lett. 2004, 6, 
2733-2736. 
 
58. Fujiwara, Y.; Dixon, J. A.; Rodriguez, R. A.; Baxter, R. D.; Dixon, D. D.; Collins, M. 
R.; Blackmond, D. G.; Baran, P. S. J. Am. Chem. Soc. 2012, 134, 1494-1497. 
 
59. Chiba, S.; Cao, Z. Y.; El Bialy, S. A. A.; Narasaka, K. Chem. Lett. 2006, 35, 18-19. 
 
60. Schmittel, M.; Burghart, A.; Malisch, W.; Reising, J.; Sollner, R. J. Org. Chem. 1998, 
63, 396-400. 
 
61. Clift, M. D.; Taylor, C. N.; Thomson, R. J. Org. Lett. 2007, 9, 4667-4669. 
 
62. Clift, M. D.; Thomson, R. J. J. Am. Chem. Soc. 2009, 131, 14579-14583. 
 
63. Furstner, A. Angew.  Chem. , Int.  Ed.  Engl. 2003, 42, 3582-3603. 
 
64. Avetta, C. T., Jr.; Konkol, L. C.; Taylor, C. N.; Dugan, K. C.; Stern, C. L.; Thomson, 
R. J. Org. Lett. 2008, 10, 5621-5624. 
 
65. Narasaka, K.; Okaguchi, T.; Tanaka, K.; Murakami, M. Chem. Lett. 1992, 2099-2102. 
 
66. Yasu, Y.; Koike, T.; Akita, M. J.  Chem.  Soc. , Chem.  Commun. 2012, 48, 5355-
5357. 
 
67. Li, Q.; Fan, A.; Lu, Z.; Cui, Y.; Lin, W.; Jia, Y. Org. Lett. 2010, 12, 4066-4069. 
 
68. Li, Q.; Jiang, J.; Fan, A.; Cui, Y.; Jia, Y. Org. Lett. 2011, 13, 312-315. 
 
69. Fan, H.; Peng, J.; Hamann, M. T.; Hu, J. Chem. Rev. 2008, 108, 264-287. 
 
70. Boger, D. L.; Soenen, D. R.; Boyce, C. W.; Hedrick, M. P.; Jin, Q. J. Org. Chem. 
2000, 65, 2479-2483. 
 
71. Chan, G. W.; Francis, T.; Thureen, D. R.; Offen, P. H.; Pierce, N. J.; Westley, J. W.; 
Johnson, R. K.; Faulkner, D. J. Org. Chem. 1993, 58, 2544-2546. 
 
72. Beeson, T. D.; Mastracchio, A.; Hong, J.; Ashton, K.; MacMillan, D. W. C. Science 
2007, 316, 582-585. 
 
73. Pham, P. V.; Ashton, K.; MacMillan, D. W. C. Chem.  Sci. 2011, 2, 1470-1473. 
 
74. Jang, H.; Hong, J.; MacMillan, D. W. C. J. Am. Chem. Soc. 2007, 129, 7004-7005. 
 
 40 
75. Kim, H.; MacMillan, D. W. C. J. Am. Chem. Soc. 2007, 130, 398-399. 
 
76. Wilson, J. E.; Casarez, A. D.; MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131, 
11332-11334. 
 
77. Graham, T. H.; Jones, C. M.; Jui, N. T.; MacMillan, D. W. C. J. Am. Chem. Soc. 
2008, 130, 16494-16495. 
 
78. Nicolaou, K. C.; Reingruber, R.; Sarlah, D.; Brase, S. J. Am. Chem. Soc. 2009, 131, 
2086-2087. 
 
79. Bohlmann, F.; Zdero, C.; Robinson, H.; King, R. M. Phytochemistry 1979, 18, 1675-
1680. 
 
80. Conrad, J. C.; Kong, J.; Laforteza, B. N.; MacMillan, D. W. C. J. Am. Chem. Soc. 
2009, 131, 11640-11641. 
 
81. Pandey, G.; Lakshmaiah, G. Tetrahedron Lett. 1993, 34, 4861-4864. 
 
82. Kim, S. H.; Kim, S. I.; Lai, S.; Cha, J. K. J. Org. Chem. 1999, 64, 6771-6775. 
 
83. Bates, R. W.; Boonsombat, J. J.  Chem.  Soc., Perkin Trans. 1 2001, 654-656. 
 
84. McElhinney, A. D.; Marsden, S. P. Synlett 2005, 2528-2530. 
 
85. Jui, N. T.; Lee, E. C. Y.; MacMillan, D. W. C. J. Am. Chem. Soc. 2010, 132, 10015-
10017. 
 
86. Jui, N. T.; Garber, J. A. O.; Finelli, F. G.; MacMillan, D. W. C. J. Am. Chem. Soc. 
2012, 134, 11400-11403. 
 
87. Rendler, S.; MacMillan, D. W. C. J. Am. Chem. Soc. 2010, 132, 5027-5029. 
 
88. Mills, S. G.; Beak, P. J.  Org.  Chem. 1985, 50, 1216-1224. 
 
89. Heiba, E. I.; Dessau, R. M. J. Am. Chem. Soc. 1972, 94, 2888-2889. 
 
90. Baciocchi, E.; Giese, B.; Farshchi, H.; Ruzziconi, R. J. Org. Chem. 1990, 55, 5688-
5691. 
 
91. Nair, V.; Mathew, J. J. Chem. Soc. , Perkin Trans. 1 1995, , 1881-1882. 
 
92. Hwu, J. R.; Chen, C. N.; Shiao, S. S. J. Org. Chem. 1995, 60, 856-862. 
 
93. Zhang, Y.; Raines, A. J.; Flowers II, R. A. Org.  Lett. 2003, 5, 2363-2365. 
 41 
 
94. Casey, B. M.; Eakin, C. A.; Jiao, J.; Sadasivam, D. V.; Flowers,Robert A.,,II 
Tetrahedron 2010, 66, 5719-5726. 
 
95. O'Neil, S. V.; Quickley, C. A.; Snider, B. B. J. Org. Chem. 1997, 62, 1970-1975. 
 
96. Logan, A. W. J.; Parker, J. S.; Hallside, M. S.; Burton, J. W. Org. Lett. 2012, 14, 
2940-2943. 
 
97. Muthusamy, S.; Gunanathan, C.; Babu, S. A. Synlett 2002, , 787-789. 
 
98. Yokoe, H.; Mitsuhashi, C.; Matsuoka, Y.; Yoshimura, T.; Yoshida, M.; Shishido, K. 
J. Am. Chem. Soc. 2011, 133, 8854-8857. 
 
99. Gyollai, V.; Schanzenbach, D.; Somsak, L.; Linker, T. J.  Chem.  Soc. , 
Chem.  Commun. 2002, 1294-1295. 
 
100.Nicolaou, K. C.; Adsool, V. A.; Hale, C. R. H. Angew.  Chem. , Int.  Ed.  Engl. 2011, 
50, 5149-5152. 
 
101.Nicolaou, K. C.; Hale, C. R. H.; Ebner, C.; Nilewski, C.; Ahles, C. F.; Rhoades, D. 
Angew.  Chem. , Int.  Ed.  Engl. 2012, 51, 4726-4730. 
 
102.He, C.; Guo, S.; Ke, J.; Hao, J.; Xu, H.; Chen, H.; Lei, A. J. Am. Chem. Soc. 2012, 
134, 5766-5769. 
 
 42 
 
Chapter 2.  Materials and methods 
2.1 Solvent 
 Tetrahydrofuran, acetonitrile, dichloromethane, and diethyl ether were purified 
utilizing a Pure SolvTM Solvent Purification System by Innovative Technology, Inc.  
Dimethoxyethane was distilled from Na/Benzophenone under argon atmosphere or 
utilizing the Pure SolvTM Solvent Purification System by Innovative Technology, Inc.  
Butanone was washed with saturated K2CO3 and then distilled from anhydrous K2CO3.  
Cloroform-d1 and acetone-d6 were purchased from Cambridge Isotope.   Methanol was 
dried via activated 3A molecular sieves.   
2.2 Materials and Chemicals 
 All of the diketones (2,4-pentanedione, 3,5-heptanedione, dibenzoylmethane, 1,3-
bis(4-methoxyphenyl)propane-1,3-dione, benzoylacetone, and 4,4,4-trifluoromethyl-1-
phenylbutane-1,3-dione) were purchased from Acros.  The allylsilanes 
(allyltrimethylsilane and 2-methylallyltrimethylsilane) were purchased from Alfa Aesar 
and were dried with activated 3A molecular sieves.  Hydrazines (phenylhydrazine, 
methylhydrazine, p-methoxyphenylhydrazine, 2,4-dinitrophenylhydrazne, p-
toluensulfonylhydrazine, and 4-hydrazinylbenzoic acid) were purchased from Acros.  
CAN was purchased from Alfa Aesar and dried via azeotropic removal of H2O with 
benzene.  Pd/C (wet) was purchased from Alfa Aesar.  Boron tribromide was purchased 
from Acros.  Triethylamine was purchased from Acros.  Drying agents (magnesium 
sulfate and sodium sulfate) were purchased from Alfa Aesar.  3A molecular sieves were 
purchased from Acros.  Octanal was purchased from Acros and distilled.  Phenylalanine 
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was purchased from Alfa Aesar.  Thionyl chloride was purchased from Alfa Aesar.  
Sodium bicarbonate was purchased form Alfa Aesar.  Methylamine in ethanol was 
purchased from Aldrich.  Methylamine in water and methylamine in THF were purchased 
from Alfa Aesar.  Pivaldehyde was purchased from Acros.  P-Toluenesulfonic acid 
monohydrate was purchased from Acros.  Benzyl chloroformate was purchased from 
Acros.  Sodium t-pentoxide was purchased from Alfa Aesar.  Citric acid was purchased 
from Alfa Aesar.  Cerium nitrate hexahydrate was purchased from Fisher.  Sodium cubes 
in mineral oil were purchased from Aldrich.  Benzophenone was purchased from Aldrich.  
Tetrabutylammonium hydrogen sulfate was purchased from Acros.  Iron sulfate was 
purchased from Acros.  1,10-phenanthroline was purchased from Acros.  Potassium 
hexafluorophosphate was purchased from Acros.  3-Iodoanisole was purchased from Alfa 
Aesar.  Pent-4-yn-1-ol was purchased from Alfa Aesar.  trans-
Dichlorobis(triphenylphosphine)palladium(II) was purchased from Alfa Aesar.  N-boc-2-
amino-3-(1-naphthyl)-propanoic acid was purchased from Aroz Technologies, Inc.  
Sodium borohydride was purchased from Alfa Aesar.    
2.3 Reaction Conditions 
Air sensitive experiments were either carried out or set up in an Innovative 
Technology, Inc. System One Drybox under an argon atmosphere that utilized a platinum 
catalyst for drying.  All glassware for water-sensitive reactions was flame-dried.  
2.4 Instrumentation 
GC analysis was carried out using a Shimadzu GC-14B Gas Chromatograph.    
GC-MS analysis was carried out using a HP 5890 Series II Gas Chromatograph 
with a HP Mass Selector Detector.   
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UV/Vis spectroscopy experiments were performed on a Beckman Coulter DU 650 
Spectrophotometer.    
Cyclic voltammograms were measured with a BAS 100B/W MF-9063 
electrochemical workstation.   
NMR spectra were recorded on a Bruker 500 MHz spectrometer.   
Homogeneous kinetics experiments were carried out using a SX-18 MV stopped-
flow spectrophotometer (Applied Photophysics Ltd., Surrey, UK).   
Evaluation of enantiomeric excess for allylated aldehydes was done via gas liquid 
chromatography (GLC) which was performed on a Hewlett-Packard 6850 Series gas 
chromatograph equipped with a split-mode capillary injection system and flame 
ionization detectors using a Varian Chirasil-Dex-CB (25 m x 0.25 mm) column.   
Calculations and plotting data were generated using either Microsoft Excel or 
Origin.   
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Chapter 3.  Mechanistic studies on the oxidation of β-dicarbonyls 
3.1  Background and significance 
 Broad application of Ce(IV)-based single electron oxidants for the formation of 
C-C bonds has occurred over the last 25 years.  In particular, a great deal of work has 
been performed on the oxidative couplings of β-diketones and silyl enol ethers to 
dienes1,2 and both activated3 and unactivated4,5 alkenes.  The intramolecular variant of 
these bond-forming reactions have also been developed.6,7  One of the main drawbacks of 
Ce(IV)-mediated reactions is that they have the ability to generate byproducts resulting 
from internal ligand transfer or reaction with solvent.  Despite the need to prevent these 
side reactions, very little effort has been made to discern the discrete reaction 
mechanisms that arise from these complex transformations.  Through careful mechanistic 
analysis of these oxidations, it is possible to tailor the reaction medium to facilitate the 
development of efficient synthetic protocols.   
Our group previously utilized the relatively lipophilic ceric tetra-n-
butylammonium nitrate (CTAN) to perform allylations through the addition of the 
radicophile allyltrimethylsilane to β-dicarbonyls in MeCN.  However, when the less polar 
solvent DCM was utilized, dihydrofurans were formed instead (Scheme 3.1).8  By simply 
changing the solvent, different chemoselectivities can be accessed providing very 
different products from the same starting materials.  We observed similar 
chemoselectivity for the oxidation of 1 by ceric ammonium nitrate (CAN).  When the 
oxidation was carried out in MeOH, 1-acetyl-2-tetralone was formed as a result of 
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intramolecular cyclization.   When the same oxidation was carried out in MeCN, 
carboxylic acid was formed, exclusively (Scheme 3.2).9 
 
 
Scheme 3.1.  Solvent-dependent CTAN-mediated Oxidative Coupling of a β-Dicarbonyl 
with Allyltrimethylsilane. 
 
 
Scheme 3.2.  Solvent-dependent Chemoselective CAN-mediated Oxidation of 1. 
 
 
 The goal of this chapter is to examine the effect of solvent on the rate of oxidation 
of β-diketones and their related β-keto silyl enol ethers by CAN and CTAN.  Preliminary 
studies have shown that the oxidation of enols and their structurally related silyl enol 
ethers generate radical cations1,2 which decay to their corresponding radicals.10-12  While 
this work provides an important mechanistic framework for understanding these 
transformations, it required the use of sterically hindered starting materials.  
Unfortunately, these structures are not representative of substrates commonly utilized in 
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organic synthesis. Observation of how solvent selection affects commonly used starting 
materials and precursors is necessary to provide the synthetic organic chemist with the 
important information for protocol development.    
 
3.2 Materials and Methods 
3.2.1 Procedure for the synthesis of ceric tetra-n-butylammonium nitrate13 
 CAN (1 equiv) and tetra-n-butylammonium hydrogen sulfate (2.2 equiv) were 
dissolved separately in minimal volumes of distilled water.  The aqueous CAN was then 
added dropwise to the stirred tetra-n-butylammonium hydrogen sulfate solution at 
ambient temperature, producing a yellow precipitate.  Upon complete addition of the 
CAN solution, the slurry was allowed to stir for 10 min.  The precipitate was isolated via 
vacuum filtration.  The damp solid was then dissolved in DCM. The organic layer was 
isolated via separatory funnel.  The orange solution was dried with MgSO4 and then 
concentrated via rotary evaporation to produce a yellow solid.   
3.2.2 Procedure for synthesis of 2,4-pentanedione-3,3-d2 
 2,4-Pentanedione (20 mL), D2O (20 mL), potassium carbonate (2 g, 14 mmol), 
and tetra-n-butylammonium bromide (1 g, 3 mmol) were combined in a round bottom 
flask.  The mixture was stirred for three days at room temperature.  After filtration, the 
organic layer was extracted with Et2O and concentrated via rotary evaporation, resulting 
in pure 2,4-pentanedione-3,3-d2 which was confirmed by NMR and GC-MS.   
3.2.3 General stopped-flow spectrophotometry procedure 
 Kinetic experiments in anhydrous MeOH, MeCN, and DCM were performed with 
a computer-controlled stopped-flow spectrophotometer.  The Ce(IV) oxidant and 
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substrate solutions were prepared separately under inert atmosphere.  The solutions were 
taken separately in airtight syringes from a drybox and injected into the stopped-flow.  
The system was flushed at least three times with anhydrous, degassed solvents. The 
[Ce(IV)] used for the study was 1 mM.  The concentration of substrates was kept in 
excess relative to that of [Ce(IV)] (20 mM) to maintain pseudo-first-order conditions.  
Reaction rates for the initial oxidation step were determined from the decay of the Ce(IV) 
absorbance at 330 nm at 25 °C.  The decay of Ce(IV) displayed first-order behavior over 
more than four half-lives for all Ce(IV)/substrate combinations.  Rates of radical cation 
growth and formation were determined from the absorbance at 460 nm.   
3.2.4 General procedure for Erying analysis 
 Temperature studies were carried out over a range of 25 degrees between 15 and 
40 °C with an interval of 5 °C using a refrigerated circulator connected to the sample-
handling unit of the stopped-flow; temperature was monitored by a thermocouple in the 
reaction cell.   
3.2.5 General procedure for time-resolved UV/vis 
 Time-resolved spectra were obtained with the stopped-flow spectrophotometer.  
The [Ce(IV)] used for the study was 1 mM and the [substrate] was 20 mM.  Spectra were 
obtained by measuring the change in absorbance every 5 nm from 220 to 700 nm at 25 °C 
with a time interval of 10 ms per acquisition. 
3.2.6 General procedure for Cyclic Voltammetry study 
 The redox potentials of CAN and CTAN were measured by cyclic voltammetry.  
The working electrode was a standard glassy carbon electrode.  The electrode was 
polished with 0.05 mm polishing alumina and cleaned in an ultrasonic bath.  The 
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electrode was rinsed with acetone or EtOH and dried before each run.  The auxiliary 
electrode was a platinum wire.  A saturated Ag/AgNO3 electrode was used as the 
reference.  The electrolyte was tetra-n-butyalammonium hexafluorophosphate.  
Electrochemical experiments were performed at concentrations of 0.5 mM Ce(IV) 
species.   
3.3 Rate of oxidation 
To elucidate the controlling parameters of Ce(IV)-mediated oxidations, we began 
our study by examining the rates of oxidation of a range of β-dicarbonyls and their 
analogues.  β-Diketones (1-3 and 5), silyl enol ethers (4 and 6), and an ester (7) were 
oxidized in MeOH, MeCN, and DCM by CAN or CTAN and the rate of reaction was 
monitored through the decay of the Ce(IV) λmax at 330 nm via stopped-flow 
spectrophotometry.  The structures and their observed rate constants are given in Table 
3.1.  All reactions performed in MeCN and DCM provided carboxylic acids as previously 
reported.9  Oxidations in MeOH provided methyl esters as the major products; whereas, 1 
yielded 1-acetyl-2-tetralone.  A mechanism describing this result will be presented 
(3.4.2).   
 All oxidations were carried out under pseudo-first-order conditions (3.2.3) with 
[substrate] held in excess (20 mM) relative to [Ce(IV)] (1 mM).  The rates of oxidation 
for all of the substrates exhibit first order dependencies in both [Ce(IV)] and [substrate] 
and are consistent with the rate law shown in eq 3.1. 
        (3.1) 
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 Careful examination of the rate constants in Table 3.1 provides a great deal of 
insight into the mechanistic properties that control the Ce(IV)-mediated oxidation of  β-
dicarbonyls:  1)  The large increase in the steric bulk of the oxidant by substituting the 
ammonium cation for the lipophilic tetra-n-butylammonium cation marginally decreases 
the rate of oxidation while simultaneously enhancing the solubility of Ce(IV) in solvents 
 
Table 3.1.  Observed Rate Constants (s-1) for the Oxidation of β-Dicarbonyls and Two 
Related β-Keto Silyl Enol Ethers by CAN in MeOH or MeCN and CTAN in MeCN or 
DCM. 
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of decreasing polarity.  2)  All substrates are oxidized at similar rates with the exception 
of 7, which was significantly lower in MeCN.  3)  Solvent has the largest impact on the 
rate of reaction displaying the trend MeOH >> MeCN > DCM. 
3.3.1 Role of oxidant 
 The substitution of the acidic ammonium cation for the bulky, alkylated, tetra-n-
butylammonium cation significantly increases the lipophilicity of Ce(IV), dramatically 
increasing its solubility in less polar organic solvents such as DCM, a solvent 
inaccessible to CAN-mediated chemistry.  Previous work in our group has shown that 
this change has no impact (within experimental error) on the redox potential of Ce(IV).14  
The slight decrease in the rate of oxidation for CTAN relative to CAN observed in MeCN 
is likely due to steric hindrance resulting from the significantly larger tetra-n-butyl 
ammonium cation.   
The sensitivity of the redox potentials of lanthanide-based oxidants and reductants 
is known to be solvent-dependent.15-17  It is plausible that the change in oxidation rate 
could be due to the impact of solvent on the oxidizing power of Ce(IV).  The main 
difficulty with measuring the thermodynamic power of Ce(IV) oxidants arises from  
 
Table 3.2.  Redox Potentials (E1/2) of CAN in MeOH and MeCN and of CTAN in MeCN 
and DCM (see Appendix for CVs).   
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electrolyte coordination to the metal, preventing accurate measurement of the potential of 
Ce(IV) alone.18,19  UV-vis analysis of Ce(IV)/electrolyte combinations demonstrated that 
tetra-n-butylammonium hexafluorophosphate and lithium nitrate did not impact the 
absorbance of Ce(IV) at 330 nm.  Having demonstrated conditions suitable for accurate 
analysis, the redox potentials of CAN in MeOH and MeCN as well as CTAN in MeCN 
and DCM were measured via cyclic voltammetry vs. a saturated Ag/AgNO3 reference 
electrode (Table 3.2). 
 The measured potentials of CAN in MeOH and MeCN were 570 and 550 mV, 
respectively, and CTAN provided E1/2 values of 540 and 510 mV in MeCN and DCM, 
respectively.  These data are consistent with our previous observation that substitution of 
the ammonium countercation has no impact on the redox potential of Ce(IV).  Moreover, 
the E1/2 values show that the redox potential of Ce(IV) does increase slightly with the 
polarity of the solvent, but these small increases, more specifically for CAN in MeOH vs. 
MeCN (20 mV), do not account for the 1-2 order of magnitude increase in rate observed 
for all substrates.   
 Irreversible processes were observed when cyclic voltammetry was employed to 
measure the redox potentials of the substrates. Measurement of only the oxidation 
potentials provided irreproducible results. Schmittel has shown that the oxidation 
potential only varies slightly for silyl enol ethers in MeCN and DCM (60 mV).  
Additionally, related enol ethers are, to a small degree, easier to oxidize.20,21  For 
example, the oxidation potentials of 1-(t-butyldimethylsiloxy)-2,2-dimesityl-1-
phenylethene were found to be 730 and 670 mV in MeCN and DCM, respectively; 
whereas, 2,2-dimesityl-1-phenylethenol in MeCN was 610 mV.  This analysis is 
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consistent with solvent having little impact on the thermodynamic ease of substrate 
oxidation.   
 
3.3.2 Role of solvent 
 Careful inspection of the rate constants for oxidation of the substrates in Table 3.1 
clearly illustrates that solvent has a significant impact on the rate of oxidation.  Generally, 
oxidations carried out in MeOH are 40-100 times faster than in MeCN.  With the 
exception of 4 and 7, MeCN-based reactions are 1.5-2 times faster than oxidations carried 
out in DCM.  It is known that polar solvents have the ability to stabilize charge-separated 
transition states, resulting in an increase in reaction rate.  However, previous work has 
shown that solvent can also affect the keto-enol tautomerism of 1,3-dicarbonyls.22  
Additionally, enols and enol ethers are oxidized more readily than their corresponding 
diketones.20 
 Beak previously evaluated the enol content of β-diketones in a range of solvents 
of varying polarity.22  This work showed that the equilibrium of keto-enol pairs in which 
the enol cannot form a six-membered ring resulting from an intramolecular hydrogen 
bond, illustrated in Scheme 3.3, is predominantly controlled by the hydrogen-bonding 
basicity of the solvent (eg. 5).  Conversely, for keto-enol pairs where this intramolecular 
interaction is possible (eg. 1-3), the polarity of the solvent plays a more important role in 
enol formation. Due to the solvent-dependency of the keto-enol tautomerism, it is 
reasonable to expect that solvents promoting high enol content should also lead to a 
greater rate of oxidation. 
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Scheme 3.3.  Keto-enol Tautomerism of 3 Containing an Intramolecular Hydrogen Bond 
 
However, Beak showed that the enol content of 3 follows the trend DCM > MeOH > 
MeCN.  Comparison to the data in Table 3.1 for 3 suggests that there is no correlation 
between the solvent-dependent enol content and the rate of oxidation for this substrate.  
He also showed that 5,5-dimethylcyclohexane-1,3-dione, an analogue of 5, followed the 
trend MeOH > MeCN > DCM which is consistent with the solvent-dependent trend 
observed for the rate of oxidation by Ce(IV) in these solvents, and is most likely a 
function of solvent hydrogen-bonding basicity.     
 To determine if the markedly slower rates observed for the oxidation of 7 resulted 
from the lower enol content inherent to esters, 1H NMR was utilized to determine the 
percentage of enol of 3 and 7 in solution in deuterated MeOH, MeCN, and DCM.  The 
percentages were calculated through comparison of the peak areas of the keto and enol 
tautomers and the results are given in Table 3.3.   
 
Table 3.3.  Summary of Percentage Enol of 2,4-Pentanedione and Methyl Acetoacetate 
in Deuterated MeOH, MeCN, and DCM. 
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These data clearly show a significantly lower amount of enol present for β-keto ester 7 
than for β-diketone 3 in all solvents, suggesting that the universally lower rates observed 
for 7 compared to 1-3 and 5 are most likely due to the relatively low amount of enol 
present.  However, this observation is only substrate-dependent and not consistent with a 
solvent-dependent effect on enol content.   
3.3.3 Activation parameters of β-dicarbonyl oxidation  
 To obtain more information about the transition state of substrate oxidation, the 
activation parameters of the oxidation of 2-5 and 7 were determined.  Rates were 
measured over a 30 oC range, and the enthalpy of activation (ΔH≠), a value for the energy 
of bond reorganization of the transition state, and the entropy of activation (ΔS≠), a value 
for the degree of order in the transition state, of each oxidation were determined using the 
Eyring equation (eq 3.2)  
  
ln kobshkBT
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
=
ΔH ≠
RT +
ΔS≠
R        (3.2) 
where kobs is the observed rate constant, h is Planck’s constant, kB is the Boltzmann 
constant, T is the temperature, and R is the gas constant.  The Gibb’s free energy of 
activation (ΔG≠) was determined using eq 3.3.   
         (3.3) 
The results of the Eyring analysis are given in Table 3.4.   
 Inspection of the activation data in Table 3.4 shows that small structural changes 
between 2, 3, and 4 have little impact on the activation parameters.  However, 7 shows a 
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3-4 kcal/mol increase in ΔG≠ which is consistent with the universally lower oxidation 
rates observed.  Further evaluation of the activation parameters shows that in all cases, 
ΔH≠ is the largest contributor to ΔG≠.  Additionally, ΔH≠ varies greatly between the 
substrates with 4 having the lowest value and 7 having the highest over a range of 13 
kcal/mol.  Diketones 2 and 3 provided similar values for ΔH≠; whereas, ΔH≠ of 5 is 6 
Table 3.4.  Activation Parameters for the Oxidation of β-Dicarbonyls and an Analogous 
β-Keto Silyl Enol Ether.  
 
 
kcal/mol higher than both.  Interestingly, 2, 3, and 4 proceed through ordered transition 
states, unlike 5 and 7 which have disordered transition states. As stated in 3.3.2, the 
equilibrium of keto-enol pairs in which the enol cannot form a six-membered ring 
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resulting from an intramolecular hydrogen bond is predominantly controlled by the 
hydrogen-bonding basicity of the solvent.  The increase in disorder of the transition state 
of 5 is most likely due to the desolvation of the enol as a result of electron transfer.  
3.4 Radical cation kinetic properties 
3.4.1 Radical cation formation 
When Ce(IV) is allowed to react with β-dicarbonyl compounds, the 
orange/yellow color disappears rapidly and is replaced by a persistent red color which 
fades with time.  This phenomenon was examined via stopped-flow spectrophotometry 
through the generation of a time-resolved UV-vis spectrum.  Figure 3.1 contains the time-
resolved absorption spectrum of the oxidation of 1 by CAN in MeCN at 25 oC over 10 
ms.  An isosbestic point was observed at 400 nm, which is indicative of direct conversion 
of the starting materials to new species in solution.  A clear absorption grows between 
 
Figure 3.1.  Time-resolved absorption spectrum observed from CAN and 6-phenyl-2,4-
hexanedione (1) in MeCN in the range of 320-520 nm ([1]:[CAN] = 20 mM:1 mM) at 25 
oC over 10 ms.  Inset:  Wavelength range of 380-480 nm.   
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430 and 480 nm with a λmax at 460 nm that is not consistent with either CAN or the 
substrates.  Time-resolved analysis of the CTAN oxidation of 1 in DCM produces a 
similar spectrum (Appendix).  All substrates screened in this analysis yield an absorbance  
Table 3.5.  Observed Rate Constants for the Formation and Decay of Radical Cations 
Generated from Oxidation of β-Diketones and Two β-Keto Silyl Enol Ethers by CAN in 
MeOH or MeCN and CTAN in MeCN or DCM at 460 nm.   
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at 460 nm.  This absorbance is consistent with the formation of a radical cation23-26 and is 
the first time that radical cations have been observed spectroscopically from simple 
substrates under standard laboratory conditions.  From this growth, the formation, 
lifetime, and decay of these radical cations can be monitored and rate constants can be 
elucidated (Table 3.5).  The observed rate constants for Ce(IV) decay (Table 3.1) at 330 
nm are equivalent to the observed rate constants of the radical cation formation at 460 nm 
within experimental error for all substrate/oxidant/solvent combinations studied which is 
consistent with radical cation formation resulting from Ce(IV)-mediated oxidation.1,2,4,5,27 
3.4.2 Radical cation decay 
 Radical cations derived from enols are reported to undergo decay through 
deprotonation to generate their corresponding radicals.10-12  Likewise, those derived from 
silyl enol ethers decay through O-Si cleavage.  The rate constants for the decays of the 
radical cations given in Table 3.5 display a clear solvent dependence, with MeOH 
providing the largest rate constants which are 10-100 times larger than with MeCN.  The 
rate constants observed with MeCN are 5-10 times larger than with DCM.  Under 
oxidative conditions in MeOH, 1 yields 1-acetyl-2-tetralone (Scheme 3.2).  However, the 
decays of 1+., 2+., and 3+. in MeOH are within experimental error, suggesting that 
intramolecular cyclization does not occur before deprotonation of the radical cation.  
Additionally, this consistency suggests that rate of radical cation decay is not substrate-
dependent.   
 The decay of 4+. is slower than the analogous enol-derived radical cations.  
Likewise, 6+. decays more slowly than 5+..  These relative decreases in rate are consistent 
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with a nucleophile-induced bond cleavage mechanism for the O-H and O-Si bonds28 
which was previously reported by Kochi29 and Schmittel.21,30 
 To gain further insight into the nature of the decay of these radical cations, the 
activation parameters for deprotonation of 1+. and 3+. as well as the desilylation of 4+. 
were determined by monitoring the effect of temperature on the decay of the absorbance 
at 460 nm.  The thermodynamic data were then calculated using eq 3.2 and 3.3, the 
results of which are given in Table 3.6.  Based on this study, it is clear that variance of 
the structure of β-diketones has little effect on the transition state.  Closer inspection of 
the data shows that, in MeCN and DCM, ΔH≠ contributes more to ΔG≠ than –TΔS≠ for the 
decays of 1+. and 3+..  The opposite is true for MeOH.  For instance, ΔH≠ for the decay of  
 
Table 3.6.  Activation Parameters for the Decay of Selected Radical Cations.a-c 
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1+. in MeCN accounts for 89% of ΔG≠, while -TΔS≠ only accounts for 11%.  Conversely, 
ΔG≠ consists of only 27% ΔH≠ for the decay of 1+. in MeOH.   
 Unlike 1+. and 3+., decay of 4+. is enthalpy-driven in all solvents.  As a 
consequence, a less ordered transition state was observed for 4+..  These experimental 
observations are consistent with a higher energy barrier for O-Si bond cleavage as 
compared to O-H bond cleavage.  Additionally, there is a clear decrease in the value of 
ΔH≠ as solvent polarity increases, ΔH≠ having the lowest value in MeOH and the largest 
value in DCM.   
 Taken together, the data suggest that the activated complex for the decay of 
radical cations derived from β-diketones varies significantly in different solvents.  The 
deprotonation of radical cations 1+. and 3+. in MeOH proceeds through a more ordered 
transition state with values for ΔS≠ decreasing when compared to MeCN by factors of 5 
and 30, respectively. Also, the energy required for bond reorganization is substantially 
lower in MeOH than that of MeCN and DCM, likely due to the direct involvement of 
MeOH in the deprotonation 1+. and 3+..  Similarly, ΔS≠ of the decay 4+. decreases by a 
factor of 15 in MeOH compared to MeCN.  However, the decay is enthalpy-driven in all 
cases with ΔH≠ showing an increase with decreasing solvent polarity.   
 To obtain more insight into radical cation decay in MeOH, the deuterium isotope 
effect of the decay of 3+. was measured and the data are given in Table 3.7.  These 
experiments clearly show a primary isotope effect (kH/kD ≥ 2) in MeCN and DCM; 
whereas, a value of 1.5 was found for MeOH which is most likely due to deuterium 
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exchange with solvent.  A similar effect was reported for the anisyldimesitylethenol 
radical cation by Schmittel.12  
 
Table 3.7.  Observed Rate Constants for the Decay of the Radical Cation of 3,3-
Dideuterio-2,4-pentanedione in MeOH, MeCN, and DCM. 
 
 
 The deuterium isotope study coupled with the observation that more polar 
solvents lead to faster decay of a radical cation provides further evidence of the 
occurrence of a known solvent-assisted mechanism of O-H bond cleavage.29,30  
Comparison of the rates of decay of 3+. and 4+. reveals that the presence of the silyl group 
stabilizes the radical cation intermediate in each solvent.   
 Collectively, the kinetic and thermodynamic properties of the decay of the radical 
cations produced from the single electron oxidation of β-diketones suggest that MeOH 
may be intimately involved in the process, as was previously reported.21,28,31  To identify 
the explicit role of MeOH in these decays, the effect of [MeOH] was observed on 3+. in 
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nonnucleophilic DCM.  Keeping the [Ce(IV)] and [substrate] constant, the decay of the 
3+. was monitored as the [MeOH] was varied in successive reactions.  The data were then 
plotted as lnkobs vs. ln[MeOH](Figure 3.2).  Figure 3.2 displays a first order dependency 
for [MeOH] in the deprotonation of 3+..  Conversely, when the same analysis was 
performed on the decay of 4+., a rate order of 0.24 was observed (Figure 3.3).   
   
Figure 3.2.  Plot of lnkobs vs. ln[MeOH] for the decay of 3+. in DCM. 
 
 
Figure 3.3. Plot of lnkobs vs. ln[MeOH] for the decay of 4+. in DCM. 
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Comparing the results in MeOH to radical cations obtained from β-diketones and 
their structurally related silyl enol ethers in MeCN and DCM shows that there is a less 
pronounced difference between these solvents.  The rates of decay are on the order of 2- 
to 9-fold faster in MeCN, but there is no clear trend among the two types of radical 
cations.  These findings are consistent with a unimolecular pathway for cleavage of O-H 
and O-Si bonds in these solvents.  Principally, the combination of present and previous 
studies shows that the mechanism of decay of radical cations is highly dependent on 
substrate structure.   
These observations further demonstrate the synthetic implications of 
understanding the role of solvent in dicarbonyl oxidations.  This work, taken together 
with previous studies, supports a mechanism where hydrogen bonding between radical 
cations derived from β-diketones and one molecule of MeOH leads to a more ordered 
transition state and accelerates the conversion to a radical through nucleophile-assisted 
deprotonation.  This knowledge can be used to understand the solvent-dependent 
chemoselectivity observed for the oxidation of 1.  In MeCN and DCM, carboxylic acid is 
formed resulting from a previously reported mechanism.9  However, the same oxidation 
in MeOH yields tetralone.  The chemoselectivity of this transformation  is consistent with 
the mechanism illustrated in Scheme 3.4, explaining the chemoselectivity of this 
transformation.  The enol tautomer of the diketone is oxidized through single electron 
oxidation to provide a radical cation, which is then deprotonated as the rate-limiting step 
of the system.  The radical species generated reacts intramolecularly to form the tetralone 
product.   
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Scheme 3.4.  Mechanism of Formation of 1-Acetyl-2-tetralone from the CAN-mediated 
Oxidation of 1 in MeOH. 
 
3.5 Summary 
 The detailed kinetic analysis presented herein illustrates the mechanistic 
properties of β-dicarbonyl oxidation as well as the stability of the radical cation that is 
generated as a result of single electron transfer.  The initial oxidation yielded important 
information:  1) Oxidation is first order in both oxidant and substrate.  2) The rate of 
oxidation increases with solvent polarity.  3) CTAN-mediated reactions are marginally 
slower than their CAN counterparts ostensibly due to steric hindrance resulting from the 
bulky tetra-n-butylammonium countercations.  4) Enol content does have a large effect 
on the rate of oxidation.  However, this effect results from significant changes in 
substrate structure and does not appear to be a function of solvent polarity.  5) Solvent 
most likely facilitates the oxidation of β-dicarbonyls with low enol content.   
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 Kinetic analysis of the absorbance at 460 nm displays:  1) The rate of growth 
coincides with the decay of Ce(IV) which is consistent with the absorbance resulting 
from the radical cation.  2) The rate of radical cation decay as a result of deprotonation is 
solvent-dependent.  3) The cleavage of the O-H/O-Si bond of the radical cation is the 
rate-limiting step of the oxidation process.  4) The large increase in the rate of decay in 
MeOH is a result of a first order dependency in MeOH; whereas, MeCN and DCM do not 
play a direct role.  5) Controlling the lifetime of the radical cation can result in different 
chemoselectivies.   
 A possibility that could affect the results presented is the fact that when Ce(IV) is 
reduced to Ce(III), up to 3 equiv of nitrate can be released from the metal center.  While 
nitrate is a very weak nucleophile, CAN-mediated reactions have been developed where 
one of the nitrates is incorporated in the product.  There is a possibility that the liberated 
nitrate in solution could accelerate the deprotonation of the radical cation in 
nonnucleophilic solvents or nucleophilically displace the silyl group from a silyl enol 
ether-derived radical cation. 
 The most difficult facet to overcome of these Ce(IV)-mediated oxidations is the 
fact that they can generate complex mixtures of products, resulting from intramolecular 
interactions, internal ligand transfer of an oxidant counterion, solvolysis,  or β–
elimination.  Hwu et al. first reported that the oxidative coupling of a β–diketone and an 
allylsilane can either result in formation of an allylated diketone or dihydrofuran.3  They 
explained that the selectivity arose from the size of the silyl group on the allylsilane.  
However, our group has shown that the same two carbon skeletons can be generated 
selectively by controlling the polarity of the solvent using the same silyl group.8 
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Baciocchi32 and Nair33 both performed the same addition of styrene to dimethyl malonate 
under “identical” conditions.  Both groups reported markedly different ratios of four 
different products that resulted from the same reaction.  Because of these differences in 
observed selectivities, it is crucial to understand mechanistic reasoning behind the 
different structural outcomes.  The mechanistic implications of this work were used to 
develop a chemoselective oxidative coupling of 1-aryl-1,3-dicarbonyls and styrene, the 
selectivity of which arises from the mechanism proposed in Scheme 3.5.34  The enol 
tautomer of the diketone undergoes single electron oxidation to form a radical cation.  In 
MeOH, the radical cation is deprotonated as the rate-limiting step of the reaction to yield 
a radical.  The radical reacts with styrene, undergoes a second single electron oxidation 
resulting in a cation, which can be nucleophilically attacked through intramolecular 
cyclization by one of the carbonyls to form furan.  Alternatively, in DCM/MeCN, styrene  
 
Scheme 3.5.  Proposed Mechanism for the Solvent-dependent Chemoselective Oxidative 
Addition of 1-Aryl-1,3-dicarbonyls to Styrene. 
 68 
 
 
adds to the radical cation stabilized via a six-membered hydrogen bonding interaction.  
Secondary oxidation then occurs to provide a cation, which can be trapped by nitrate 
liberated from the oxidant. 
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Chapter 4.  CAN-mediated synthesis of tetra-substituted pyrazoles 
 
4.1  Background and significance 
 The pharmaceutical and agrochemical industries have demonstrated a plethora of 
applications over the years for a class of nitrogen-containing heterocycles known as 
pyrazoles.1  These important structural motifs are still being utilized to interact with a 
large variety of biological systems.  Recent work has applied pyrazoles as HIV-1 reverse 
transcriptase inhibitors (A),2 antidiabetics (B),3 COX-2 inhibitors such as the drug 
Celecoxib (C),4 A2A receptor antagonists (D),5 CB1 receptor antagonists such as the drug 
Rimonabant (E),6 transforming growth factor-β receptor type I inhibitors (F),7 DNA 
intercalating agents (G),8 and estrogen receptor ligands such as propylpyrazole triol 
(PPT) (H).9-11  
 
Figure 4.1.  Examples of biologically active pyrazoles. 
 71 
Because of the many existing and developing applications, it is essential to provide the 
organic chemist with a variety of synthetic options in order to incorporate structural 
variety around these heterocycles. 
 As was established in Chapter 3, ceric ammonium nitrate (CAN) has long been 
utilized by synthetic organic chemists as a single electron oxidant to promote the 
formation of C-C bonds through oxidative coupling.12,13  With the knowledge obtained 
from the studies reported in Chapter 3, it is essential to use this information to expand 
upon the organic chemists’ toolbox of methodologies.  Using the radical cation generated 
from the single electron oxidation of a β-diketone, a new C-C bond can be generated 
from the addition of a radicophile such as an allylsilane.  Upon completion of the 
allylation process, the solution contains the excess CAN, as well as Ce(III), both of which 
are strong Lewis acids. Recently, Menéndez, et al. reported that Lewis acidic CAN 
efficiently catalyzes the formation of β-enaminoketones from β-diketones and amines.14  
Based on this precedent, we reasoned that we could use both cerium species in the 
reaction medium to catalyze the formation of pyrazoles through the addition of 
substituted hydrazines to the newly allylated diketones in one pot (Scheme 4.1).   
 
Scheme 4.1.  Design for the CAN-Mediated Synthesis of Tetra-substituted Pyrazoles. 
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4.2 Materials and methods 
4.2.1 General one-pot procedure for 4-allyl-1,3,5-trisubstituted pyrazoles 
CAN (2.1 equiv) dissolved in MeCN (orange solution) was added dropwise to a 
stirred solution of 1,3-dione (1 equiv) and allyltrimethylsilane (1.3 equiv) in MeCN at 
ambient temperature. The solution was stirred until the orange color disappeared (20–45 
min).  Hydrazine (1.4 equiv) was added to the system and stirred for 3.5–6 h (progress 
monitored by GC). Solvent was removed via rotary evaporation. Ice-cold distilled water 
was added to the solid residue and extracted with DCM. The combined organic extract 
was dried over MgSO4, filtered, and concentrated by rotary evaporation. The residue was 
purified with SiO2 chromatography eluting with hexanes–EtOAc.   
4.2.2 General procedure for synthesis of substituted 2-allyl-1,3-diketones 
CAN (2.1 equiv) dissolved in MeCN (orange solution) was added dropwise to a 
solution of 1,3-diketone (1 equiv) and allyltrimethylsilane (1.3 equiv) in MeCN.  The 
orange solution was stirred at ambient temperature until the color dissipated after stirring 
30-45 min (confirmed by GC), MeCN was removed via rotary evaporation.  The solid 
residue was dissolved in DCM and washed with distilled water.  The combined organic 
extract was dried over MgSO4, filtered, and concentrated via rotary evaporation. The 
residue was purified with SiO2 chromatography eluting with hexanes–EtOAc. 
4.2.3 Procedure for Pyrazole Synthesis 
 A solution of 2-substituted diketone (1 equiv), hydrazine (1.4 equiv), and CAN (3 
mol%) in MeCN was refluxed for 3 h.  The reaction mixture was allowed to cool to 
ambient temperature.  The solvent was removed via rotary evaporation.  The residue was 
dissolved in DCM and washed with distilled water.  The organic layer was separated, 
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dried over anhydrous MgSO4, filtered, and concentrated via rotary evaporation.  The 
crude reaction mixture was purified by SiO2 column chromatography eluted with 
hexanes-EtOAc.   
4.2.4 Alternative Workup Procedure for Methylallylation (8 only) 
 Upon completion of allylation, an excess of triethylamine was added dropwise to 
the reaction mixture.  Solvent was removed via rotary evaporation.  The residue was 
dissolved with DCM and washed with distilled water.  The organic layer was separated, 
dried of anhydrous MgSO4, filtered, and concentrated via rotary evaporation.  The crude 
reaction mixture was purified by SiO2 column chromatography eluted with hexanes-
EtOAc. 
4.3 Results and discussion 
4.3.1 Synthesis of tetra-substituted pyrazoles from symmetric β-diketones 
 Our study began with an initial experiment utilizing 2,4-pentanedione as the 
diketone.  It was oxidized by 2.1 equiv CAN in the presence of 1.3 equiv 
allyltrimethylsilane.  Upon the disappearance of the yellow color of Ce(IV), 
phenylhydrazine hydrochloride was added to the solution and the mixture stirred for 3 h.  
3a was isolated from the one-pot reaction in a 68% yield (Table 4.1, Entry 1).  This 
protocol was then applied to a variety of hydrazines containing both electron-rich and –
deficient functionalities with isolated yields ranging from 63-85% (Table 4.1).  The 
aromatic hydrazines provided similar yields regardless of the functionality, suggesting 
that the main controlling factor in the ring-closing step is the size of the substituent on the 
secondary amine of the hydrazine used.  Further evidence for this supposition is 
illustrated by the fact that 3b provided the highest yield, most likely due to the decreased  
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Table 4.1  Pyrazoles Synthesized from Aliphatic β-Diketones in One-Pot. 
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size of the methyl group on the hydrazine.  This smaller functionality facilitates the ring-
closing step of pyrazole formation. 
 To probe the scope of this method, we extended pyrazole formation to symmetric 
aromatic β–diketones.  Unfortunately, significantly lower yields were observed using the 
one-pot protocol (< 25%).  To increase final yields, the sequence was broken down into 
two steps.  First, allylation of the β–diketones was performed as before.  After 
consumption of Ce(IV) was observed, the allylated dione was isolated.  Next, the 
substituted product was refluxed with hydrazine in the presence of 3 mol% CAN, 
affording substituted pyrazole (Table 4.2).   
 
Table 4.2.  Two-step Pathway to Pyrazoles Symmetric Aromatic β–Diketones. 
 
4.3.2 Synthesis of methylallylated pyrazoles 
 To supplement the selection of diketones and hydrazines used to synthesize these 
tetra-substituted pyrazoles, we also examined modifications to the radicophile.  
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Dibenzoylmethane was treated with CAN in the presence of methylallyltrimethylsilane, 
forming the methylallylated product 8 based on GC-MS analysis of the reaction solution.  
However, upon workup of the reaction mixture, dihydrofuran 11 was isolated 
exclusively.  This deviation from the expected methylallylated product results from an 
acid-catalyzed mechanism that is enhanced by the standard isolation of allylated 
diketones (Scheme 4.2).  The allyl group of 8 can be protonated to form tertiary 
carbocation 9.  A lone pair of one of the carbonyls can then attack this cation to form 
resonance stabilized benzylic cation 10 which can then undergo deprotonation to yield 
11.  This pathway most likely results from the presence of 2 equiv of Lewis acid Ce(III) 
and 4 equiv of ammonium ions in solution.  In order to diminish furan formation, 
triethylamine was added dropwise after completion of the reaction.  Product 6e could 
then be isolated in a 52% yield.  Pyrazole formation was then carried out with  
 
Scheme 4.2.  Proposed Mechanism of Dihydrofuran Formation. 
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methylhydrazine and p-methoxyphenyl hydrazine hydrochloride, providing 12a and 12b 
in moderate overall yields (Table 4.3).   
 
Table 4.3.  Two-step Pathway to Methylallylated Pyrazoles. 
 
 
4.3.3 Synthesis and selectivity of pyrazoles from unsymmetric β-diketones 
Having shown that this methodology can be used to synthesize pyrazoles from 
both aliphatic and benzylic ketones, it was necessary to determine the regioselectivity of 
pyrazole formation. In order to effectively synthesize these species from unsymmetric 
diketones, regioselectivity is required for production of single isomers.  Benzoylacetone 
was chosen as a model substrate.  It was allylated to form 13 and then refluxed with p-
methoxyphenylhydrazine hydrochloride in the presence of 3 mol% CAN.  The reaction 
provided a total yield of 72% as a 16:1 mixture of isomers (Table 4.4, Entry 1).   
In order to characterize these spectroscopically simple ring systems, 2D NMR 
was employed.  Initially, COSY was used to differentiate between the protons of the 1-(p-
methoxyphenyl) and the 3-phenyl rings of the minor isomer.  Next, NOESY was used to 
observe the through-space coupling of the protons on the 5-methyl and the 1-(p- 
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Table 4.4.  Synthesis of Pyrazoles from Unsymmetric β-Diketones. 
 
 
 
Figure 4.2.  NOE Interaction Observed for 15a (spectra in Appendix). 
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methoxyphenyl) ring.  The through-space interaction illustrated in Figure 4.2 suggests 
that the minor isomer is 15a. Conversely, when the major isomer was analyzed, no 
through-space coupling was observed, which is consistent with 14a. 
 Having demonstrated that pyrazole formation is regioselective for unsymmetric 
β–diketones, it is necessary to determine the controlling factors for direction of hydrazine 
attack.  To probe the structural effects on ring-formation, we observed the reaction of 
hydrazines and diketones of varying structure.  Combination of methylhydrazine and 13a 
resulted in almost exclusive formation of 14b (Table 4.4, Entry 2).  p-
Methoxyphenylhydrazine hydrochloride and 13b produced a mixture of regioisomers 14c 
and 15c in a 6:1 ratio (Table 4.4, Entry 3).  Use of diketone 13c provided exclusive 
formation of one pyrazole (Table 4.4, Entry 4).  However, due to the structural 
characteristics of this ring system, the selectivity of the reaction could not be determined.  
Attempts to crystallize the product were unsuccessful and utilization of NMR techniques 
that observe coupling through space (NOESY) and through multiple bonds (HMBC) 
were inconclusive.15   
 Collectively, these selectivity studies illustrate the regioselective features of 
pyrazole formation from utilization of this protocol.  The process is initiated by formation 
of a hydrazone between one of the carbonyls of the diketone and the terminal amine of 
the hydrazine.  The decreased steric hindrance of the methyl group of 13b provides 
greater access to the benzylic carbonyl of the diketone.  This diminished volume results 
in a decrease in regioselectivity to 6:1 as opposed to the 16:1 ratio when 13a is utilized.  
While the structure of the pyrazole resulting from 13c and p-methoxyphenylhydrazine is 
yet uncharacterized, our hypothesis is that 14d is the isomer that is formed.  The increase 
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in volume a trifluoromethyl provides over a methyl approaches that of a phenyl ring.  
However, the high electronegativity provided by the fluorines in close proximity to a 
carbonyl will have a large impact on the electrophilicity of that carbonyl.  With steric 
hindrances being equal, the carbonyl adjacent to the trifluoromethyl is significantly more 
electronegative causing hydrazone formation to be more likely at this position.  Finally, 
use of methylhydrazine provided almost exclusive formation of 14b.  As stated above, 
pyrazole formation begins with a hydrazone.  It is then followed by attack of the 
secondary amine to the β-carbonyl.  Hydrazone formation is reversible and exists in 
equilibrium with water, while the follow-up attack is not.  Decrease in the volume of the 
substituent on the secondary amine allows for a more efficient attack due to the close 
proximity of the larger aromatic ring, effectively preventing reverse of the hydrazone 
formation.    
4.3.4 Total synthesis of propylpyrazole triol 
 The development of new methodologies not only expands the scope of protocols 
available to the synthetic organic chemist, it provides more facile access to important 
natural products and synthetic targets.  The two-step synthesis of tetra-substituted 
pyrazoles from aromatic diketones was applied to the total synthesis of PPT (17), an 
estrogen receptor agonist.9-11  Utilizing the protocols laid out in 3.2.2 and 3.2.3, diketone 
4b was oxidatively allylated with allyltrimethylsilane to generate 5b and then condensed 
with p-methoxyphenylhydrazine hydrochloride, providing tetra-substituted pyrazole 6d.  
The allyl group was then reduced via Pd/C-catalyzed hydrogenation in MeOH, generating 
the methoxylated propylpyrazole 16 almost quantitatively.  Demethylation by BBr3 
provided PPT (17).  The overall yield for the four-step total synthesis was 30%. 
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Scheme 4.3.  Total synthesis of PPT (17). 
4.4 Summary 
 The facile methodology presented here can be a useful tool for the synthetic 
organic chemist.  Complex pyrazoles can be synthesized in one pot from aliphatic 
diketones.  The analogous aromatic diketones can be converted to tetra-substituted 
pyrazoles in a concise two-step method.  Substituted allyl groups can be incorporated into 
the ring structure with a simple modification in work-up.  The two-step method provides 
good regioselectivity for unsymmetric diketones that is directed by the steric crowding 
around the carbonyls.  This method also provides an alternative synthetic route to the 
estrogen receptor agonist PPT.  Collectively, these data represent the key information 
necessary for the rational design of total syntheses that utilize this methodology.   
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4.5 Synthesis and spectral data for all products 
4.5.1 One-pot pyrazoles 
4-Allyl-3, 5-dimethyl-1-phenylpyrazole (3a) 
Procedure 4.2.1 was followed. 1H NMR (500 MHZ, CDCl3) δ 2.15 (s, 3H, Me), 2.23 (s, 
3H, Me), 3.15 (d, J = 6.95 Hz, 2H, CH2), 4.97 (d, J = 11.2 Hz, 1H, CH), 4.99 (d, J = 8.8 
Hz, 1H, CH), 5.85 (m, 1H), 7.31 (m, 1H, ArH), 7.39 (d, J = 7.0 Hz, 1H, ArH), 7.40-7.44 
(brd, and a triplet merged together, 3H, ArH).  13C NMR (125 MHZ, CDCl3) δ 10.88, 
11.91, 27.95, 114.59, 115.15, 124.75, 127.03, 128.95, 136.38, 136.47, 140.12, 148.12. 
HRMS–FAB (m/z): [MH]+ calcd for C14H17N2, 213.1392; found, 213.1393. 
4-Allyl-1, 3, 5-trimethylpyrazole (3b) 
Procedure 4.2.1 was followed.  1H NMR (500 MHZ, CDCl3) δ 2.07 (s, 3H, Me), 2.08 (s, 
3H, Me), 3.03 (d, J = 5.1 Hz, 2H, CH2), 3.64 (s, 3H, NMe), 4.87 (d, J = 16.2 Hz, 1H, 
CH), 4.89 (d, J = 12.2 Hz, 1H, CH), 5.76 (m, 1H). 13C NMR (125 MHZ, CDCl3) δ 9.35, 
11.56, 27.76, 35.58, 113.16, 114.14, 136.24, 136.67, 145.71. HRMS-FAB (m/z): [MH]+ 
calcd for C9H15N2, 151.1235; found, 151.1239. 
4-Allyl-3, 5-dimethyl- 1-(4′-methoxyphenyl)pyrazole (3c) 
Procedure 4.2.1 was followed.  1H NMR (500 MHZ, CDCl3) δ 2.13 (s, 3H, Me), 2.21 (s, 
3H, Me), 3.14 (d, J = 5.0 Hz, 2H, CH2), 3.82 (s, 3H, OMe), 4.98 (d, J = 8.5 Hz, 1H, CH), 
4.99 (brs, 1H, CH), 5.85 (m, 1H), 6.93 (d, J = 8.19 Hz, 2H, ArH), 7.28 (d, J = 8.46 Hz, 
2H, ArH).13C NMR (125 MHZ, CDCl3) δ 10.65, 11.87, 27.99, 55.51, 114.09, 114.51, 
114.54, 126.36, 133.31, 136.50, 136.61, 147.6, 158.67. HRMS-FAB (m/z): [MH]+ calcd 
for C15H19N2O, 243.1497; found, 243.1488. 
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4-Allyl-3, 5-dimethyl-1-(2′ , 4′-dinitrophenyl)pyrazole (3d) 
Procedure 4.2.1 was followed.  1H NMR (500 MHZ, CDCl3) δ 2.15 (s, 3H, Me), 2.16 (s, 
3H, Me), 3.15 (d, J = 5.72 Hz, 2H, CH2), 4.75 (d, J = 17.23 Hz, 1H, CH), 5.03 (d, J = 
10.03 Hz, 1H, CH), 5.85 (m, 1H), 7.67 (d, J = 8.74 Hz, 1H, ArH), 8.49 (d, J = 7.92 Hz, 
1H, ArH), 8.76 (s, 1H, ArH). 13C NMR (125 MHZ, CDCl3) δ 10.2, 11.9, 27.56, 115.25, 
117.39, 121.0, 127.26, 129.18, 135.25, 137.82, 138.11, 145.44, 145.95, 151.92. HRMS-
FAB (m/z): [MH]+calcd for C14H15N4O4, 303.1093; found, 303.1071. 
4-Allyl-3, 5-dimethyl-1-(4′-toluenesulfonyl)pyrazole (3e) 
Procedure 4.2.1 was followed.  1H NMR (500 MHZ, CDCl3) δ 2.10 (s, 3H, Me), 2.36 (brs, 
6H, 2 × Me), 2.98 (d, J = 5.68 Hz, 2H, CH2), 4.75 (dd, J = 1.7, 17.06 Hz, 1H, CH), 4.92 
(dd, J = 1.53, 10.13 Hz, 1H, CH), 5.69 (m, 1H), 7.25 (d, J = 8.42 Hz, 2H, ArH), 7.77 (d, J 
= 8.8 Hz, 2H, ArH).  13C NMR (125 MHZ, CDCl3) δ 11.23, 12.29, 22.6, 27.18, 115.30, 
118.79, 127.41, 129.77, 134.74, 135.44, 140.33, 144.91, 153.49.HRMS-FAB (m/z): 
[MH]+ calcd for C15H19N2O2S, 291.1167; found, 291.1178. 
4-Allyl-3,5-dimethyl-1-(4′-carboxyphenyl)pyrazole (3f) 
1H NMR (500 MHZ, CDCl3) δ 2.26 (s, 3H, Me), 2.27 (s, 3H, Me), 3.15 (d, J = 5.75 Hz, 
2H, CH2), 4.98 (d, J = 17.08 Hz, 1H, CH), 5.0 (d, J = 10.06 Hz, 1H, CH), 5.85 (m, 1H), 
7.54 (d, J = 8.44 Hz, 2H, ArH), 8.15 (d, J = 8.45 Hz, 2H, ArH), 9.98 (brs, 1H, OH). 13C 
NMR (125 MHZ, CDCl3) δ 11.21, 11.73, 27.76, 114.93, 116.53, 123.71, 127.77, 131.13, 
135.85, 136.89, 143.92, 149.37, 170.42. HRMS-FAB (m/z): [MH]+ calcd for C15H17N2O2, 
257.1290; found, 257.1287. 
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4-Allyl-3, 5-diethyl-1-methylpyrazole (3g) 
Procedure 4.2.1 was followed.  1H NMR (500 MHZ, CDCl3) δ 1.09 (t, J = 7.52 Hz, 3H, 
Me), 1.18 (t, J = 7.51 Hz, 3H, Me), 2.49-2.52 (two quartets are overlapping, 2 × 2H, 2 × 
CH2), 3.08 (dd, J = 1.57, 4.7 Hz, 2H, CH2), 3.71 (s, 3H, NMe), 4.91 (d, J = 7.28 Hz, 1H, 
CH), 4.93 (d, J = 7.83 Hz, 1H, CH), 5.86 (m, 1H). 13C NMR (125 MHZ, CDCl3) δ 13.55, 
13.89, 17.4, 19.81, 27.67, 35.73, 113.1, 114.26, 137.53, 141.92, 151.26. HRMS-FAB 
(m/z): [MH]+ calcd for C11H19N2, 179.1548; found, 179.1572. 
4.5.2 Allylated symmetric diones 
2-Allyl-1,3-diphenyl-1,3-propanedione (5a) 
Procedure 4.2.2 was followed. 1H NMR (500 MHZ, CDCl3) δ 2.86 (m, 2H, CH2), 5.0 (d, J 
= 9.53 Hz, 1H, CH), 5.1 (d, J = 17.46 Hz, 1H, CH), 5.28 (t, J = 6.75 Hz, 1H, CH), 5.86 
(m, 1H), 7.43 (brt, J = 7.4 Hz, 4H, ArH), 7.54 (t, J = 7.5 Hz, 2H, ArH), 7.92 (d, J = 8.0 
Hz, 4H, ArH). 13C NMR (125 MHZ, CDCl3) δ 33.54, 56.81, 117.22, 128.58, 128.87, 
133.52, 135.07, 136.01, 195.5. GC-Mass m/z: 264 (M+, 1<%), 236 (9.5%), 159 (11.3%), 
142 (4.8), 106 (8.0%), 105 (100%), 77 (58.8%), 51 (17.5%) 
2-Allyl-1,3-[bis (4′-methoxyphenyl)]-1,3-propanedione (5b) 
Procedure 4.2.2 was followed.  1H NMR (500 MHZ, CDCl3) δ 2.83 (m, 2H, CH2), 3.82 
(brs, 6H, 2 x OMe), 4.99 (d, J = 10.12 Hz, 1H, CH), 5.06 (d, J = 17.24 Hz, 1H, CH), 5.13 
(t, J = 6.82 Hz, 1H, CH), 5.83 (m, 1H), 6.88 (d, J = 7.28 Hz, 4H, ArH), 7.91 (d, J = 7.15 
Hz, 4H, ArH). 13C NMR (125 MHZ, CDCl3) δ 33.76, 55.46, 56.84, 114.0, 116.91, 129.07, 
130.96, 135.42, 163.75, 194.16. GC-Mass m/z: 324 (M+, 1%), 296 (2.8%), 189 (5%), 172 
(2.7%), 135 (100%), 122 (2.7%), 107 (8.5%), 92 (14.1), 77(18.3%) 
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4.5.3 Pyrazoles from symmetric aromatic diketones 
4-Allyl-3,5-diphenyl-1-methxypyrazole (6a) 
Procedure 4.2.3 was followed.  1H NMR (500 MHZ, CDCl3) δ 3.24 (dt, J = 1.74, 5.38 Hz, 
2H, CH2), 3.8 (s, 3H, NMe), 4.91 (dq, J = 2.0, 15.5 Hz, 1H, CH), 5.01 (dq, J = 1.5, 11.0 
Hz, 1H, CH), 5.90 (1H, m), 7.31 (t, J = 7.6 Hz, 1H, ArH), 7.35-7.48 (m, 7H, ArH), 7.72 
(brd, J = 7.2 Hz, 2H, ArH). 13C NMR (125 MHZ, CDCl3) δ 28.15, 37.26, 113.94, 115.45, 
127.38, 127.68, 128.35, 128.59, 128.64, 129.76, 130.34, 133.91, 137.7, 142.99, 149.59. 
HRMS-FAB (m/z): [MH]+calcd for C19H19N2, 275.1548; found, 275.1554. 
4-Allyl-1,3,5-triphenylpyrazole (6b) 
Procedure 4.2.3 was followed.  1H NMR (500 MHZ, CDCl3) δ 3.34 (dd, J = 1.89, 3.3 Hz, 
2H, CH2), 5.02 (dd, J = 1.82, 17.04 Hz, 1H, CH),  5.11 (dd, J = 1.76, 10.26 Hz, 1H, CH), 
6.0 (m, 1H), 7.24-7.25 (m, 1H,  ArH), 7.27-7.3 (m, 4H, ArH), 7.31-7.33 (m, 6H, ArH), 
7.34 (t, 2H, J = 6.51 Hz, ArH), 7.42 (d, 2H, J = 6.74 Hz, ArH) 13C NMR (125 MHZ, 
CDCl3) δ 28.16, 115.85, 115.93, 124.7, 126.76, 127.7, 127.93, 128.32, 128.37, 128.42, 
128.66, 129.91, 130.61, 133.65, 137.61, 140.13, 142.0, 151.48. HRMS-FAB (m/z): 
[MH]+calcd for C24H21N2, 337.1705; found, 303.1721.   
4-Allyl-3,5-diphenyl-1-(4-methoxyphenyl)pyrazole (6c) 
Procedure 4.2.3 was followed.  1H NMR (500 MHZ, CDCl3) δ 3.34 (brs, 2H, CH2), 3.76 
(s, 3H, OMe), 5.0 (d, 1H, J = 18.35 Hz, CH), 5.08 (d, 1H, J = 9.25 Hz, CH), 5.98 (m, 
1H), 6.79  (brd, 2H, J = 6.05 Hz, ArH), 7.22-7.25 (m, 4H, ArH), 7.29-7.32 (m, 4H, ArH), 
7.42 (brd, 2H, ArH), 7.81 (d, 2H, J = 6.65 Hz,  ArH). 13C NMR (125 MHZ, CDCl3) δ 
28.22, 55.39, 113.86, 115.44, 115.75, 126.15, 127.59, 127.93, 128.20, 128.34, 128.36, 
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128.57, 128.86, 129.96, 130.67, 133.52, 133.79, 137.67, 141.98, 151,06, 158.36. HRMS-
FAB (m/z): [MH]+ calcd for C25H23N2O, 367.1810; found, 367.1826. 
4-Allyl-1,3,5-tri(4′-methoxyphenyl)pyrazole (6d) 
Procedure 4.2.3 was followed.  1H NMR (500 MHZ, CDCl3) δ 3.28 (brs, 2H, CH2), 3.76 
(s, 3H, OMe), 3.8 (s, 3H, OMe), 3.83 (s, 3H, OMe),  5.0 (d, 1H, J = 17.5 Hz, CH), 5.1 (d, 
1H, J = 10.0 Hz, CH), 5.99 (m, 1H), 6.78 (d, J = 9.0 Hz, 2H, ArH), 6.83 (d, J = 9.0 Hz, 
2H, ArH), 6.93 (d, J = 9.0 Hz, 2H, ArH), 7.14 (d, J = 8.5 Hz, 2H, ArH), 7.2 (d, J = 9.0 
Hz, 2H, ArH), 7.71 (d, J = 9.0 Hz, 2H, ArH). 13C NMR (125 MHZ, CDCl3) δ 28.3, 55.17, 
55.23, 55.39, 113.77, 113.83, 114.0, 115.73, 122.85, 126.12, 126.35, 129.09, 130.97, 
131.13, 133.53, 137.87, 141.79, 150.7, 158.2, 159.22, 159.4, 163.75.HRMS-FAB (m/z): 
[MH]+ calcd for C25H23N2O, 367.1810; found, 367.1826. 
4.5.4 Methylallylation products 
1, 3-Diphenyl-2-(2-methylpropenyl)-1,3-propanedione (8) 
Procedure 4.2.2 was followed for synthesis. Procedure 4.2.4 was followed for workup 
upon completion of the reaction.  1H NMR (500 MHZ, CDCl3) δ 1.76 (s, 3H, CH3), 2.85 
(d, J = 6.41 Hz, 2H, CH2), 4.69 (s, 1H, CH), 4.76 (s, 1H, CH),  5.46 (t, J = 7.49 Hz, 1H, 
CH), 7.41 (t, J = 7.84 Hz, 4H, ArH), 7.52 (t, J = 7.13 Hz, 2H, ArH), 7.97 (d, J = 7.45 Hz, 
4H, ArH). 13C NMR (125 MHZ, CDCl3) δ 22.82, 36.43, 55.42, 111.91, 128.41, 128.74, 
133.4, 135.83, 142.37, 195.37. GC-Mass m/z: 278 (M+, 1.2%), 260 (2.7%), 221 (9.2%), 
174(12.1%), 173 (100%), 158 (20.1%), 105 (31.5%), 77(69.7%), 51 (55.1%) 
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3-Benzoyl-5,5-dimethyl-2-phenyl-4,5-dihydrofuran (11) 
Procedure 4.2.2 was followed.  1H NMR (500 MHZ, CDCl3) δ 1.54 (s, 6H, CH3), 3.1 (s, 
2H, CH2), 7.0-7.11 (m, 5H, ArH), 7.15 (m, 3H, ArH), 7.39 (dd, J = 1.21, 8.13 Hz, 2H, 
ArH). 13C NMR (125 MHZ, CDCl3) δ 27.77, 45.27, 86.11, 111.6, 127.40, 127.58, 128.67, 
129.14, 129.66, 130.45, 130.72, 139.21, 165.08, 193.54. GC-Mass m/z: 278 (M+, 32.7%), 
155 (25.3%), 139(100%), 123(36.7%), 91(58.9%), 77(14.9%), 65(28.5%), 51 (5.5%). 
3, 5-Diphenyl-4-(2-propenyl)-1-methylpyrazole (12a) 
Procedure 4.2.3 was followed.  1H NMR (500 MHZ, CDCl3) δ 1.69 (s, 3H, Me), 3.11(s, 
2H, CH2), 3.81 (s, 3H, Me), 4.61 (s, 1H, CH), 4.64 (s, 1H, CH), 7.30 (d, J = 6.94Hz, 1H, 
ArH), 7.38-7.45 (m, 7H, ArH), 7.71 (brd, J = 7.23 Hz, 2H, ArH).13C NMR (125 MHZ, 
CDCl3) δ 23.06, 32.19, 37.26, 111.47, 114.1, 127.23, 127.44, 127.94, 128.26, 128.47, 
128.5, 129.48, 130.35, 133.97, 143.01, 145.3, 149.71. HRMS-FAB (m/z): [MH]+calcd for 
C20H21N2, 289.1705; found, 289.1722. 
4.5.5 Unsymmetric diketones 
7d: 2-Allyl-1-phenyl-1, 3-butanedione (13a) 
Procedure 4.2.2 was followed.  Yield 1.94 g (78%). 1H NMR (500 MHZ, CDCl3) δ 2.1(s, 
3H, Me), 2.66 (m, 2H, CH2), 4.52 (t, J = 7.5 Hz, 1H, CH), 4.95 (d, J = 10.1 Hz, 1H, CH), 
5.03 (d, J = 17.5 Hz, 1H, CH), 5.69 (m, 1H), 7.34-7.43 (m, 2H, ArH), 7.52 (t, J = 7.4 Hz, 
1H, ArH), 7.91(d, J = 7.5 Hz, 2H, ArH). 13C NMR (125 MHZ, CDCl3) δ 28.01, 32.78, 
62.22, 117.20, 136.12, 134.19, 133.58, 195.68, 203.45. GC-Mass m/z: 202 (M+, %), 159 
(%), 144 (%), 105 (%), 77 (%), 43 (%) 
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2-Methyl-1-phenyl-butane-1,3-dione (13b) 
Lithium bis(trimethylsilyl)amide 1M in toluene (5mL, 5mM) was reacted with 
propiophenone (0.670g, 5mM) in 50 mL of toluene for 30min.  Acetyl chloride (0.400, 
5.1mM) was added and reacted for 30min.  1H NMR (500 MHZ, CDCl3) δ 1.78(s, 3H, 
CH3), 1.93(s, 3H, CH3), 2.41(s, 3H, CH3), 7.29(d, J=7.79Hz, 2H, ArH), 7.83(d, 
J=8.48Hz, 2H, ArH).  13C NMR (125 MHZ, CDCl3) δ 16.84, 21.61, 25.30, 128.08, 
129.52, 135.44, 143.98. 
4.5.6 Pyrazoles from unsymmetric diketones 
4-Allyl-1-(4-methoxyphenyl)-3-methyl-5-phenyl-1H- pyrazole (14a) 
Procedure 4.2.3 was followed. 1H NMR (500 MHz, CDCl3): δ = 2.29 (s, 3H , Me), 3.15 
(dt, J=5.6, 1.7 Hz, 2H, CH2), 3.75 (s, 3H, Me), 4.98 (ddt, J = 20.0, 1.8, 1.8 Hz, 1H, CH), 
5.03 (ddt, J = 10.3, 1.7, 1.7 Hz, 1H, CH), 5.90 (ddt, J = 17.0, 10.0, 5.6 Hz, 1H, CH), 6.75 
(m, J = 9.1 Hz, 2H, ArH), 7.09 (m, J = 9.1 Hz, 2H, ArH), 7.13–7.15 (m, 2H, ArH), 7.27–
7.30 (m, 3H, ArH). 13C NMR (125 MHz, CDCl3):  δ = 12.01, 27.85, 55.37, 113.82, 
114.94, 115.94, 126.03, 127.97, 128.33, 129.75, 130.72, 133.50, 136.83, 140.81, 148.45, 
158.12. HRMS–FAB: m/z calcd for C20H20N2O [M]+: 304.1576; found: 304.1570.  
4-Allyl-1-(4-methoxyphenyl)-5-methyl-3-phenyl-1H- pyrazole (15a) 
Procedure 4.2.3 was followed.  1H NMR (500 MHz, CDCl3): d = 2.21 (s, 3H, Me), 3.34 
(dt, J=5.5, 1.8 Hz, 2H, CH2), 3.84 (s, 3H, Me), 5.02 (ddt, J = 17.0, 1.8, 1.8 Hz, 1H, CH), 
5.08 (ddt, J = 10.3, 1.8, 1.6 Hz, 1H, CH), 5.99 (ddt, J = 17.3, 10.5, 5.5 Hz, 1H, CH), 6.97 
(m, J = 8.9 Hz, 2H, ArH), 7.30–7.34 (m, J = 7.5Hz, 1 H, ArH), 7.37–7.41 (m, 4H, ArH), 
7.66–7.68 (m, 2H, ArH).  13C NMR (125 MHz, CDCl3): d = 10.85, 28.28, 55.61, 113.83, 
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114.19, 115.20, 126.63, 127.97, 128.33, 133.17, 133.88, 136.72, 138.05, 150.76, 159.00, 
195.65. HRMS–FAB: m/z calcd for C20H20N2O [M]+: 304.1576; found: 304.1577.  
4-Allyl-1,3-dimethyl-5-phenyl-1H-pyrazole (14b) 
Procedure 4.2.3 was followed.  1H NMR (500 MHz, CDCl3): d = 2.21(s, 3H, Me), 3.05 
(m, 2H, CH2), 3.69 (s, 3H, NMe), 4.88 (dd, J=1.8, 7.0 Hz, 1H, CH), 4.95(dd, J=1.7, 11.0 
Hz, 1H, CH), 5.82 (m, 1H), 7.26–7.28 (m, 2H, ArH), 7.37–7.45 (m, 3H, ArH).  13C NMR 
(125 MHz, CDCl3): d = 11.85, 27.81, 36.77, 114.41, 114.61, 128.4, 128.55, 129.6, 
130.52, 136.99, 141.85, 146.68. HRMS–FAB: m/z calcd for C14H17N2 [M]+: 213.1392; 
found: 213.1387.  
1-(4-Methoxyphenyl)-3,4-dimethyl-5-phenyl-1H- pyrazole (14c) 
Procedure 4.2.3 was followed.  1H NMR (500 MHz, CDCl3): d = 2.01 (s, 3H, Me), 2.31 
(s, 3H, Me), 3.71 (s, 3H, OMe), 6.74 (d, J=7.2 Hz, 2H, ArH), 7.12 (m, 4H, ArH), 7.27 
(m, 3H, ArH).  13C NMR (125 MHz, CDCl3): d = 8.52, 11.84, 55.21, 113.69, 113.93, 
125.91, 127.65, 128.21, 129.63, 130.83, 133.40, 140.13, 148.06, 157.94. HRMS–FAB: 
m/z calcd for C18H18N2O [M]+: 278.1419; found: 278.1412.  
1-(4-Methoxyphenyl)-4,5-dimethyl-3-phenyl-1H- pyrazole (15c) 
Yield 11% (0.06 g). 1H NMR (500 MHz, CDCl3): d = 2.19 (s, 3 H, Me), 2.23 (s, 3 H, 
Me), 3.84 (s, 3 H, OMe), 6.96 (d, J = 9.0 Hz, 2 H, ArH), 7.27–7.31 (m, 2 H, ArH), 7.37–
7.41 (m,3H,ArH),7.71(d,J=8.0Hz,2H,ArH).13CNMR(125 MHz, CDCl3): d = 9.76, 
10.85, 55.58, 114.19, 125.41, 126.59, 127.28, 127.81, 127.90, 128,34, 134.25, 137.34, 
150.30, 158.92. HRMS–FAB: m/z calcd for C18H18N2O [M]+: 278.1419; found: 
278.1422.  
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4-Allyl-1-(4-methoxyphenyl)-5-phenyl-3- (trifluoromethyl)-1H-pyrazole (14d) 
Procedure 4.2.3 was followed.  1H NMR (500 MHz, CDCl3): d = 3.27 (d, J=3.6 Hz, 2H, 
CH2), 3.75 (s, 3H, Me), 4.94 (d, J=17.2 Hz, 1H, C=CH), 5.03 (d, J = 10.5 Hz, 1H, 
C=CH), 5.89 (m, 1H, C=CH), 6.77 (d, J=8.8 Hz, 2H, ArH), 7.14 (m, 4H, ArH), 7.33 (m, 
3 H, ArH).  13C NMR (125 MHz, CDCl3): d = 27.38, 55.16, 113.98, 115.58, 116.63, 
122.25 (q, J = 271 Hz, CF3), 126.40, 128.65, 128.96, 129.07, 129.99, 132.45, 136.43, 
141.05 (q, J = 37 Hz), 142.83, 159.17. HRMS–FAB: m/z calcd for C20H20F3N2O [M]+: 
358.1293; found: 358.1301. 
4.5.7 PPT synthesis 
1,3,5-tris(4′-Methoxyphenyl)-4-propylpyrazole (16) 
In a Parr pressure vessel, 5 wt % Pd/C (0.125g, 0.06 mM) was added to a MeOH solution 
of 4-allylpyrazoles (0.29 mM), and the mixture was stirred at ambient temperature under 
100 psi H2 for 14h.  The reaction mixture was filtered over celite.  The filtrate was dried 
with anhydrous Na2SO4, and MeOH was removed under rotatory.  1H NMR (500 MHZ, 
CDCl3) δ 0.77 (t, J = 7.3 Hz, 3H, CH3), 1.16 (m, 2H, CH2), 2.55 (t, J = 7.8 Hz, 3H, CH2), 
3.73 (s, 3H, OMe), 3.79 (s, 3H, OMe), 3.82 (s, 3H, OMe), 6.75  (d, J = 8.86 Hz, 2H, 
ArH), 6.86 (d, J = 8.52 Hz, 2H, ArH), 6.96 (d, J = 8.57 Hz, 2H, ArH), 7.12 (d, J = 8.5 
Hz, 2H, ArH), 7.17 (d, J = 8.9 Hz, 2H, ArH), 7.67 (d, J = 8.5 Hz, 2H, ArH). 13C NMR 
(125 MHZ, CDCl3) δ 14.07, 23.89, 26.0, 55.08, 55.14, 55.27, 113.33, 113.69, 113.75, 
113.82, 118.35, 123.22, 126.03, 126.52, 126.85, 129.03, 131.25, 133.45, 141.17, 150.22, 
158.03, 159.03, 159.24. GC-Mass m/z: 427(M+ + 1, 31.3), 426 (M+,100 %), 425 (23.5), 
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411 (11.9%), 399(15.6%), 292 (5.1%), 240(12.0%), 197 (7.1%), 121 (10.9%), 92 
(15.3%), 77 (17.14%), 64 (9%).   
1,3.5-Tris(4-hydroxyphenyl)-4-propylpyrazole (17) 
Trimethoxyaryl pyrazole 15e (0.18g, 0.47 mmol) in DCM was cooled to -78 oC.  A 1M 
solution of BBr3 in DCM (0.7g, 2.79 mmol) was added dropwise and stirred for 1.5 h. 
The reaction mixture was warmed to room temperature and stired overnight.  Excess 
BBr3 was quenched with MeOH at 0 oC and concentrated via rotary evaporation.  The 
crude residue was washed with water and extracted with CHCl3.  The organic layer was 
dried with MgSO4, concentrated, and passed through a silica gel column using 
MeOH:DCM (2:23): Yield (72%). δ 0.72 (t, J = 7.2, 3H), 1.33 (sext, J = 7.6, 2H), 2.54 
(t, J = 8, 2H), 6.70 (, J = 8.8, 2.4, 2H), 6.76 (, J = 6.8, 2.0, 2H), 6.87 (, J = 8.8, 2.4, 2H), 
7.02 (, J = 8.8, 2.4, 2H), 7.05 (, J = 9.2, 2.4, 2H), 7.47 (, J = 8.8, 2.0, 2H).  13C NMR (125 
MHZ, CDCl3) δ 25.8, 36.4, 38.4, 127.0, 128.0, 128.5, 130.5, 134.3, 137.9, 138.9, 140.3, 
141.3, 142.8, 143.3, 144.1, 144.7, 155.3, 163.6, 169.5, 170.3. 
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Chapter 5.  The mechanistic properties of organo-SOMO activation 
5.1 Background and significance 
 Organo-singly occupied molecular orbital (-SOMO) activation is a method which 
allows for the enantioselective oxidative coupling to the α–position of aldehydes with a 
variety of radicophiles.1-13  Through simple variation of the radicophile utilized, the 
synthetic organic chemist can access a plethora of asymmetric structures resulting from 
achiral aldehydes through either inter- or intramolecular bond-forming events. The scope 
of SOMO activation includes the allylation, enolation, vinylation, styrenation, polyene 
cyclization, cycloaddition, nitroalkylation, and arylation14 of a range of aldehydes. It is 
exemplified by the single electron oxidative asymmetric allylation of 1 illustrated in 
Scheme 5.1.  This union of organocatalysis with single electron oxidative coupling 
requires the intricate balance of imidazolidinone catalyst 3, single electron oxidant in the 
form of ceric ammonium nitrate (CAN), radicophile 2, and base in the form of NaHCO3.  
The reaction requires 24 h to reach completion and is performed as a low-volume slurry 
at reduced temperature (-20 oC) under an Ar atmosphere.  Most notably, the best yields 
for the reaction were obtained when “wet” solvents were utilized as the reaction media.   
Scheme 5.1.  Asymmetric Oxidative Allylation of 1.1   
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 Of its many iterations, organo-SOMO activation has several universal 
requirements: a catalyst with one bulky t-butyl group, a homogeneous oxidant, and H2O-
containing solvent.  The first step in the catalytic cycle is formation of an enamine from 
the catalyst and substrate aldehyde.  The structure of the catalyst was specifically 
designed to efficiently form an enamine.15  Figure 5.1 illustrates this design principle. 
 
 
Figure 5.1.  MM3-calculated 3D structures of dimethyl- and t-butyl-substituted 
catalysts.15 
 
 
Placement of the bulky t-butyl group on the same face of the five-membered ring as the 
benzyl group allows for free access of the lone-pair of the amine.  Conversely, a dimethyl 
functionality at the same position will place one of the methyls in close proximity to the 
lone-pair, hindering enamine formation.   
 Upon formation of the initial enamine from substrate and catalyst, single electron 
oxidation occurs to generate a radical cation, the key reactive intermediate of the system.  
This SOMO-bearing species allows for rapid carbon-carbon bond formation with a 
variety of radicophiles containing one or more degrees of unsaturation.  The SOMO 
intermediate can be formed from a variety of oxidant/solvent combinations.  Ce(IV)-, 
Cu(II)-, and Fe(III)-centered oxidants have all been used to efficiently oxidize the 
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enamine in DME, acetone, THF, MeCN, DCM, and EtOAc.1-13  In all cases, the addition 
of H2O to the reaction was required.   
After formation of the SOMO species, the second feature of catalyst design 
presents itself. MacMillan et al. calculated the theoretical structure of the SOMO 
intermediate using density function theory (Figure 5.2).1  The orientation of the structure 
is directed by the bulky t-butyl group, which is projected away from the three-π-electron 
system of the radical cation.  This geometry positions the benzyl group of the catalyst 
over the re face (front) of the intermediate, shielding it.  By maintaining this orientation, 
attack of a radicophile occurs primarily on the si face (back), providing the 
enantioselectivity of the bond-forming event. 
 
 
Figure 5.2.  DFT-calculated structure of SOMO intermediate.1   
 
 This chapter will serve two purposes.  First and foremost, it will present a detailed 
mechanistic analysis of organo-SOMO activation utilizing kinetic analysis and 
spectroscopic studies.  The analysis:  1) Provides mechanistic data, which is used to 
propose a catalytic cycle.  2) Allows for characterization of H2O and solvent effects.  3) 
Probes the solubility of the oxidant.  4) Observes the effect of modification to catalyst 
structure.  5) Demonstrates the effect of the acid used to form the salt of the catalyst.  
N
N
O
H
HPh
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Additionally, it will serve as a practical guide for the implementation of reaction progress 
kinetic analysis (RPKA), a kinetic method popularized by Blackmond.16,17  This approach 
allows for the study and characterization of mechanistically complex systems using a 
minimal number of kinetic experiments.  While the theory of this method has been well 
established in the literature, this chapter will present the details necessary to design the 
experiments and analyze the data. This chapter, in concert with the theoretical 
presentation of Blackmond,16,17 will serve as a reference for those who look to utilize this 
powerful method.   
5.2 Materials and methods 
5.2.1 Procedure for drying of reagents 
 CAN was dried by azeotroping with benzene.   The solid was added to a round 
bottom flask and benzene was poured over it.  The benzene was removed via rotary 
evaporation at 50 oC, employing enough vacuum to evaporate the solvent.  The 
compound was further dried to constant weight under high vacuum.   
 NaHCO3 and 3 were dried by azeotroping with toluene. The solid was added to a 
round bottom flask and toluene was poured over it.  The toluene was removed via rotary 
evaporation at 65 oC, employing enough vacuum to evaporate the solvent.  The 
compound was further dried to constant weight under high vacuum.   
 Octanal was distilled under Ar. 
EtOAc was dried using activated 3A molecular sieves. 
 Acetone and MEK were dried using anhydrous potassium carbonate.   
 Allyltrimethylsilane was dried using activated 3A molecular sieves.  
 All dried compounds were stored in an Ar atmosphere dry box.   
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5.2.2 General procedure for reaction progress kinetic analysis 
 A 100 mL round bottom flask equipped with a magnetic stir bar was charged with 
3, CAN, and NaHCO3, sealed with a rubber septum, and cooled to -78 oC under Ar 
atmosphere.  DME (20 mL) was added to the flask.  The vigorously stirred slurry was 
evacuated for several minutes.  The flask was back-filled with Ar.  H2O was then added 
to the flask and the resulting slurry was then evacuated and back-filled with Ar two more 
times with vigorous stirring.  2 and 1 were added via syringe.  The reaction was warmed 
to -20 oC and stirred under Ar.  This process requires less than 15 min.   
 After the internal temperature reached -20 oC, 0.5 mL aliquots were drawn from 
the reaction during its course and quenched in 1.5 mL cooled diethyl ether containing 
biphenyl as a standard.  The resultant supernatant was analyzed via GC.  Detailed 
example given in 5.5.2. 
5.2.3 General procedure for graphical analysis  
 RPKA utilizes plots of reaction rate as a function of concentration of substrate.16,17  
How these plots are generated is determined by the data density (number of data points of 
concentration sampled over a period of time) of the sampling method used to monitor the 
reaction.  The concentration of the limiting substrate is measured as a function of time 
and plotted.  The rate of reaction is calculated from the slope of this curve.  Techniques 
that provide high data density (stopped-flow spectrophotometry, react-IR, time-dependent 
NMR, reaction calorimetry, etc.) allow for direct calculation of the rate of reaction from 
the raw data by calculating the slope between two consecutive data points 
(Δ[substrate]/Δtime).  However, direct determination of the rate is not feasible using 
techniques that provide a low data density, such as chromatographic analysis of quenched 
 98 
samples of the reaction mixture.  In this case, the raw data is approximated using 
mathematical curve-fitting software to determine an equation that represents the full data 
set over the time observed.  The resulting function, f(time),  is used to determine the 
concentration of substrate for all times measured.  The derivative of this function (f 
’(time)) is a mathematical approximation of the rate of reaction for all times measured.  
For concentration data measured with high density, plots of rate as a function of 
concentration are generated with the measured concentration as the x-coordinate and the 
calculated slope at the corresponding concentration as the y-coordinate.  In cases where 
low data density is obtained, f ’(time) and f(time) are treated as parametric equations for 
all times measured over the course of the experiment, where y = f ’(time) and x = f(time). 
For the organo-SOMO-activated allylation of 1, the raw concentrations sampled 
at specific time points are plotted as [1] (M) vs. time (s).  The data are then fit to a first 
order exponential decay in OriginTM using the eq 5.1 
         (5.1) 
where constants A, t, and y0 are calculated by the software.  If the fit is not an accurate 
approximation of the decay (i.e. R2 < 0.99), the data are fit to a second order exponential 
decay using eq 5.2 
        (5.2) 
which allows for the fitting of complex decays. 
 For a function f(x), the standard deviation of the function,  σf(x), is defined as eq 
5.3 
€ 
[1] = y0 + Ae
−time
t
€ 
[1] = y0 + A1e
− time
t1 + A2e
−time
t2
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         (5.3) 
where σx is the standard deviation of variable x.  When applied to eq 5.1, accounting for 
propagation of error resulting from multiplication of the constants, the absolute standard 
deviation of the [1] resulting from curve fitting is determined using eq 5.4 for first order 
exponential decays and eq 5.5 for second order exponential decays 
     (5.4) 
       (5.5) 
where σ[1] is the uncertainty in [1], σA is the uncertainty in A, and σy0 is the uncertainty in 
y0.  The derivatives of eq 1 and eq 2 provide equations for the rate of change in [1] and 
are given as eq 5.6 and 5.7. 
         (5.6) 
        (5.7) 
 The standard deviation of –d[1]/dt resulting from eq 5.6, σd[1]/dt, is determined 
using eq 5.8 
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     (5.8) 
and eq 5.9 when eq 5.7 is used 
    (5.9) 
where σt is the uncertainty in t.   
5.2.4 General procedure for analysis of [CAN] 
 A 100 mL round bottom flask equipped with a magnetic stir bar was charged with 
CAN, sealed with a rubber septum, and cooled to -78 oC under Ar.  DME (20 mL) was 
added to the flask and allowed to cool.  The slurry was evacuated with vigorous stirring 
for several minutes.  The flask was back-filled with Ar.  H2O (0.500 M) or acid (0.050 M) 
was added to the flask, which was then evacuated and back-filled with Ar two more times 
with vigorous stirring.  The solution was warmed to -20 oC and stirred under Ar, a 
process requiring less than 15 min.   
 After reaching -20 oC, 1 mL aliquots were drawn via syringe from the solution 
through a 0.2 µm syringe filter.  The homogeneous sample was analyzed to determine the 
[CAN] by either UV/vis spectroscopy or gravimetrically.   
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5.2.5 General procedure for the synthesis of imidazolidinonium salts 
Free amine imidazolidinone (1 equiv) was added to an Erlenmeyer flask and 
dissolved in a minimal amount of Et2O.  Liquid and aqueous acids (1 equiv) were added 
directly dropwise with stirring.  Solid acids (1 equiv) were dissolved in minimal solvent 
and added dropwise as a solution.  The slurry was allowed to stir for 5 min after complete 
addition.  The solid was isolated via vacuum filtration.  It was then azeotroped once with 
MeCN and twice with toluene.  The salt was then dried under high vacuum to constant 
mass.    
5.3 Results and discussion 
5.3.1 Enamine oxidation 
 The key design feature of SOMO activation is the initial formation of an enamine 
resulting from condensation of 1 and 3.  The enamine is then preferentially oxidized in 
the presence of free catalyst and substrate.  Previous studies show that enamines18, 19 are 
more readily oxidized than amines.20,21  In order to gain insight into the mechanistic 
properties of this complex system, the rates of oxidation of a series of amines and  
 
Scheme 5.2.  Metal-Mediated Single Electron Oxidation of Amines and Enamines. 
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enamines were analyzed using stopped-flow spectrophotometry (Scheme 5.2).  The 
amines and enamines were mixed with a variety of metal-centered oxidants including 
CAN, ceric tetra-n-butylammonium nitrate (CTAN), Cu(II)OTf2, Cu(II)(ClO4)2, 
Fe(III)(phen)3(PF6)3, and Fe(III)Cp2PF6.  Every enamine oxidation observed went to 
completion within the mixing time of the stopped-flow spectrophotometer (104 s-1).  This 
observation was true down to temperatures as low as -10 oC, the limit of the instrument.  
However, amine oxidations appeared to be slower than the time-scale of the stopped-flow 
(> 1000 s).  When placed in the context of the synthetic conditions under which SOMO 
activation is performed, these observations suggest that more complex interactions 
between the components of the reaction exist.  The SOMO-activated allylation of 1 
requires 24 h to complete despite the rapid rates of oxidation of enamines observed under 
homogeneous conditions.  Because of these large differences between the rates of the 
“ideal” conditions in contrast with the “real” conditions, alternative means of kinetic 
analysis are required to gain further insight.   
5.3.2 Catalyst stability 
 To observe the mechanistic properties of SOMO activation under synthetically 
relevant conditions, RPKA was employed to study the model reaction illustrated in  
 
 
Scheme 5.3.  Model SOMO reaction. 
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Scheme 5.3.16,17  Application of this kinetic method requires a thorough understanding of 
the stoichiometry of the reaction because of the concept “excess.”  This value is defined 
as the difference in the stoichiometric concentrations of a reagent and the monitored 
substrate.  In the model SOMO system, the excess concentration of CAN ([CAN]ex) with 
respect to [1] is defined as 
[CAN]ex = [CAN] - 2[1]       (5.10) 
 [CAN]ex, [NaHCO3]ex, and [2]ex should remain constant throughout the course of an 
optimal reaction.  Similarly, the total [3] should not vary.   
 Under ideal conditions for SOMO-catalysis, the total amount of 3 added to the 
reaction, [3]total,  is maintained throughout the reaction. A “same excess” experiment was 
employed to observe the stability of 3.16,17  This experiment is dependent upon the fact 
that both excess concentrations of reagents and the total concentration of catalyst remain 
constant.  A reaction was performed utilizing the model in Scheme 5.3, where 
exhaustively dried reagents were added in excess with respect to the [1] (0.250 M) and 
the 3 was added at 20 mol% (0.050 M) to yield the concentrations listed in Table 5.1 
(Run 1).  The [1] was measured as a function of time, reaction rate was determined from 
 
Table 5.1.  “Same Excess” Concentrations (M) for the Anhydrous SOMO-Activated 
Allylation of 1. 
 
1-50%
[CAN]ex [2]ex[2][1]Run [CAN] [4][3]total
1a
2a
0.250
0.125
0.125
0.600
0.350
0.350
0.100
0.100
0.100
0.625
0.500
0.500
0.375
0.375
0.375
0.050
0.050
0.050
0.000
0.125
0.000
a Run under anhydrous conditions.
0.375
0.250
0.250
[NaHCO3]ex
0.125
0.125
0.125
[NaHCO3]
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mathematical analysis, and the rate of reaction (-d[1]/dt) was plotted as a function of [1] 
(Run 1, Figure 5.3).  If the catalytic cycle is operating under optimal conditions, the 
following statements should be true:  1) At the half-life of Run 1, the concentrations of all 
species in solution should be as listed in Run 1-50% (Table 5.1) where all components 
have the same excess concentrations as they did at the beginning of the reaction.  2) The 
total [3] should still be 0.050 M.  Performing a reaction that begins with the half-life 
concentrations, where all of the components are still added in the “same excess” with 
respect to substrate, can test these statements.  Under optimal conditions for catalysis, a 
plot of the rate of this second reaction as a function of concentration of substrate will 
overlay with the first reaction because it is the same reaction.  A second SOMO reaction 
was performed utilizing the half-life conditions of Run 1 (Run 2, Table 5.1). The [1] was 
measured as a function of time, reaction rate was determined from mathematical analysis, 
and the rate of reaction (-d[1]/dt) was plotted as a function of [1] (Run 2, Figure 5.3).  
 
 
Figure 5.3.  Rate vs. [1] for anhydrous “same excess” experiments of Runs 1 and 2. 
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Decays of rate as a function of concentration of substrate are read from right to left.  The 
beginning of the reaction is at high concentrations of substrate and the end at low.  Runs 
1 and 2 do not overlay with each other, which is consistent with the deactivation of 3. 
When these same conditions, using the same exhaustively dried reagents, were repeated 
with the addition of 2 equiv H2O with respect to 1 added to the system (Table 5.2), the 
two decays overlay (Figure 5.4).   
 
Table 5.2.  “Same Excess” Concentrations (M) for the SOMO-Activated Allylation of 1. 
 
 
 
Figure 5.4.  Rate vs. [1] for “same excess” experiments of Runs 3 and 4. 
 
This observation demonstrates that H2O is vital for inhibiting the deactivation of 3 and is 
consistent with the original observation that the use of “wet” solvents yields the most 
3-50%
[CAN]ex [2]ex[2][1]Run [CAN] [4][3]total
3
4
0.250
0.125
0.125
0.600
0.350
0.350
0.100
0.100
0.100
0.625
0.500
0.500
0.375
0.375
0.375
0.050
0.050
0.050
0.000
0.125
0.000
0.500
0.500
0.500
[H2O]
0.375
0.250
0.250
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0.125
0.125
[NaHCO3]
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product.1  It is important to note that overlay is not obtained for lower [H2O] (< 0.500 M).  
Further insight can be gained from the shapes of the decays observed.  The constant 
slopes observed for Runs 3 and 4 show a constant change in rate, which is consistent with 
a first-order decay of 1.  Run 1 has an initial linear decay at high [1], but the slope 
decreases with decreasing [1].  This decay shape is consistent with a decreasing change in 
rate that is typically observed in higher order processes most likely due to the changing 
[3]total (eq 11).   
        (11) 
Mathematical modeling of the three-dimensional surface generated from eq 11 is given in 
Figure 5.5.  A similar concave up shape is observed for Run 1 and is consistent with a 
bimolecular rate.   
 
Figure 5.5. Plot of eq 10 where kobs=1, [1] = x = 0-0.25, and [3] = y = 0-0.05.   
 
Run 2 has a constant change in rate because it has an effective catalyst loading of 40 
mol% 3.  Under these conditions, each catalyst molecule only reacts twice, providing 
insufficient opportunity to observe the impact of the deactivation through change in [3].  
  
−
d[1]
dt = kobs[1][3]total
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The observed constant change in rate for Run 1 at the beginning of the reaction agrees 
with this assertion.  Finally, when all four decays are compared, the rate of reaction more 
than doubles upon the addition of H2O to the anhydrous system (Figure 5.6).  It is 
important to note, while deactivation is occurring under anhydrous conditions, the 
reaction still proceeds through three half-lives (87.5%).  Because enough catalyst is 
remaining active to generate the initial enamine for the duration of the reaction, it is 
likely that H2O is playing a larger role than simply preventing catalyst deactivation.  The 
optimized reaction conditions require 8 h to reach completion, a marked improvement 
over the original protocol.1   
 
 
Figure 5.6. Rate vs. [1] for “same excess” experiments of Runs 1, 2, 3, and 4. 
 
5.3.3 Reaction orders 
 To further examine the kinetic role of H2O beyond preventing the deactivation of 
the catalyst, a “different excess” experiment was performed.16,17  This experiment probes 
the effect of reagent concentration on the overall rate of reaction.  A reaction was 
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performed with anhydrous reagents and solvent added to provide the conditions given in 
Table 5.3 (Run 5).  When the [H2O] was doubled, the rate of reaction decreased markedly 
(Run 5, Figure 5.7) compared to Runs 3 and 4. This finding is consistent with the 
behavior of other organocatalytic systems that proceed through enamine formation.22  To 
test whether this result was due to a H2O-induced deactivation of the catalyst, a “same  
 
Table 5.3.  “Different Excess” Concentrations (M) for the SOMO-Activated Allylation 
of 1 with respect to [H2O]. 
 
 
excess” experiment was performed at the increased [H2O] (Run 6, Table 5.3) and plotted 
in Figure 5.7 (Run 6).  Runs 5 and 6 overlay with one another, indicating that the 
decrease in rate of reaction is not caused by deactivation of the catalyst.  If this decrease 
in rate is a result of an inverse dependency on [H2O], it is first necessary to consider the 
rate law of the reaction in terms of [1] and [H2O], given as eq 5.12  
       (5.12) 
where x is the reaction order of H2O.  To compare the results of reactions of differing 
concentrations of a reagent, it is necessary to normalize the reaction rate by their 
respective concentrations of H2O.  Eq 5.12 then takes on the form of eq 5.13.   
        (5.13) 
6
[CAN]ex [2]ex[2][1]Run [CAN] [3]total
5 0.250
0.125
0.600
0.350
0.100
0.100
0.625
0.500
0.375
0.375
0.050
0.050
1.000
1.000
[H2O]
0.375
0.250
[NaHCO3]ex
0.125
0.125
[NaHCO3]
  
−
d[1]
dt = kobs[1][Η2Ο]
x
  
−
d[1]
dt
[Η2Ο]x
= kobs[1]
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Mathematically, the rate of reaction is divided by the [H2O] raised to the power of the 
reaction order.  Careful inspection of the data shows that the rate of reaction decreases by 
a factor of 2 when the [H2O] is doubled from 2 equiv (Runs 3 and 4) to 4 equiv (Runs 5 
and 6).  This observation is consistent with inverse first order kinetics.  To confirm an 
inverse first order dependency on the [H2O], the rates of Runs 3 and 4 were divided by 
[0.500 M]-1 and Runs 5 and 6 by [1.000 M]-1, their respective [H2O].  The normalized  
 
Figure 5.7. Rate vs. [1] for “different excess” experiments of Runs 3, 4, 5, and 6. 
 
 
Figure 5.8. Normalized rate vs. [1] for “different excess” experiments of Runs 3, 4, 5, 
and 6. 
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rates as a function of [1] were then plotted in Figure 5.8.  All four decays overlay within 
experimental error, indicating that the reaction is inverse first order in H2O.  This 
observed rate order is similar to that of H2O in proline-catalyzed aldol reactions23 and is 
consistent with an equilibrium formation of enamine.   
 Next, the rate orders of the other reagents in solution were similarly deduced.  
Under reaction conditions similar to those of Run 4, three reactions were performed to 
observe the effect of [3]total, [CAN], and [NaHCO3].  The results of these experiments are 
given in Table 5.4 (see Appendix for plots).  These data show that the reaction is first 
order in 3 and zero-order in CAN (Figure 5.7) and NaHCO3.  This observation for a 
CAN-mediated reaction is unexpected because oxidation by CAN is typically the rate-
limiting step, or immediately prior to the rate-limiting step of the reaction.24,25  However, 
solid CAN is observed in the reaction mixture throughout the course of the reaction, 
suggesting that the solution is saturated in oxidant and that further addition to the flask 
has no impact on the homogeneous [CAN] due to a limiting effect resulting from phase 
transfer.   
 
 
Table 5.4.  Rate Orders of 1, 3, CAN, NaHCO3, and H2O.   
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Figure 5.9.  Example of a zero-order observed by RPKA for “different excess” analysis 
of CAN. 
 
5.3.4 Enamine formation 
 Having demonstrated that H2O prevents deactivation of the catalyst and enhances 
the rate (at 2 equiv) while displaying inverse first order behavior at amounts greater than 
2 equiv, it is necessary to explore its impact on the key features of organo-SOMO 
activation.  The first step of the SOMO process involves the formation of enamine 5 from 
condensation of 1 and 3 (Scheme 5.4).  Addition of H2O should shift the equilibrium to 
the starting materials and thereby slow the rate of reaction.   
 
Scheme 5.4.  Equilibrium of Enamine 5 Formation. 
 
When 1 and 3 are combined in equivalent amounts in dry, deuterated acetone, 5 is not 
observed by 1H NMR spectroscopy over the course of 7 h (A, Figure 5.10).  A catalytic 
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amount of dry CAN (3 mol%) was added to the above solution resulting in equilibrium of 
1, 3, 5, and H2O (B, Figure 5.10).  The proton of the carbon-carbon double bond of the 
enamine is observed at 5.85 ppm.  Addition of 2 equiv H2O shifted the equilibrium 
towards 1 and 3, reducing the signal intensity of the enamine protons (C, Figure 5.10).  
Further addition of H2O to 4 equiv continued to shift the equilibrium away from 5 (D, 
Figure 5.10).  These data are consistent with the inverse dependency observed for H2O 
under activating conditions.  When these observations are combined with the data 
obtained from the “same excess” analysis, the collective results suggest that H2O, while 
vital for maintaining the [3]total, does hinder the rate of reaction.  This dual role of H2O 
was similarly reported for the proline-catalyzed aldol reaction.26 
    
Figure 5.10.  NMR analysis on the effect of H2O and CAN on formation of 5 with the 
full NMR spectrum (left) and enamine proton displayed in structure (right): (A) 1 and 3 
in deuterated acetone, (B) 1 and 3 with 3 mol% CAN, (C) 2 equiv H2O, and (D) 4 equiv 
H2O.  
 
 GC analysis of the aliquots taken during kinetic analysis did not display any 
amount of 5.  To determine whether 5 is stable under GC conditions, two bench-top 
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reactions were performed with equivalent amounts of 1 and 3 in the presence of either 3 
mol% CAN or Ce(NO3)3•6H2O.  Both reactions provided 5 in isolable quantities, 
demonstrating that both oxidation states of cerium are effective Lewis acid catalysts to 
initiate the enamine equilibrium.  GC and GC-MS analysis of isolated 5 yielded a peak 
and a mass spectrum consistent with the enamine.  This finding is consistent with the 
homogeneous rate experiments discussed in 5.3.1 where 5 is oxidized immediately upon 
formation.  Additionally, 3 is detected during the course of the reaction via GC.  
Collectively, these data suggest that free catalyst 3 is the resting state of the reaction.   
5.3.5 CAN solubility 
 To explore the apparent zero-order behavior observed for CAN, it was necessary 
to examine the solubility of the oxidant under reaction conditions.  Figure 5.11 contains 
pictures of the reaction under three different conditions with 6.58 g CAN, which would 
provide a homogeneous concentration of 0.600 M.  The SOMO reaction is prepared at -
78 oC.  Under these conditions, CAN is insoluble in DME and the temperature change 
causes it to take on a canary yellow color (A, Figure 5.11).  Next, the reaction is warmed 
to -20 oC.  At this temperature, in the absence of H2O, the solution takes on a faint orange 
color and a large amount of insoluble CAN is visible on the bottom of the flask (B, 
Figure 5.11).  UV/vis analysis of CAN in DME alone under anhydrous conditions shows 
that the homogeneous [CAN] is 0.03 M.  Reagent grade CAN possesses a characteristic 
bright orange color.  When it is dried via azeotroping with benzene, the color fades to a 
dull shade of orange.  However, when the reaction is prepared with 2 equiv H2O (C, 
Figure 5.11), the solution takes on a blood-red color.  This color is consistent with the red 
color observed for the coordination of hydroxyl moieties to CAN.27  Despite this change 
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in solution color, there is still a significant amount of insoluble, brightly colored CAN 
visible on the bottom of the flask.  The [CAN] in DME containing 0.50 M H2O 
determined by UV/vis spectroscopy reveals that the homogeneous concentration of the 
oxidant increases by an order of magnitude to 0.39 M.  This concentration is still 
significantly less than the 0.600 M it should be based on the mass of CAN added to the 
flask.  It is important to note that these concentrations were determined from solutions of 
only CAN in solvent at -20 oC and represent the maximum possible homogeneous 
[CAN].  The synthetic reaction conditions contain substrate, radicophile, base, catalyst, 
and product which are all competing for the same limited amount of solvent.  The active 
[CAN] will be lower than 0.39 M because it is limited by phase transfer.   
 
   
       (A)    (B)    (C) 
Figure 5.11.  Photographs of the Organo-SOMO Allylation of 1:  (A) -78 oC when the 
reaction is prepared.  (B) -20 oC under anhydrous conditions at 15 min.  (C) -20 oC with 2 
equiv H2O at 15 min.   
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5.3.6 Derivation of rate law for organo-SOMO activation 
 When all of the kinetic, spectroscopic, and visual data are combined, a more 
complete understanding of organo-SOMO activation is evident.  1) Under synthetic 
reaction conditions, the rate is first order in substrate 1 and catalyst 3.  2) Addition of 
H2O beyond the 2 equiv necessary to prevent deactivation of the catalyst has an inverse 
order effect on the rate of reaction.  3) Zero-order kinetics are observed for CAN and 
NaHCO3.  4) Homogeneous [CAN] is limited under synthetic reaction conditions.  5) 
Enamine 5 is not detected during the course of the reaction.  6) When observed by NMR, 
the equilibrium of enamine formation favors the starting materials.  The question that 
remains is:  Despite the zero-order result observed for CAN, is the oxidation of enamine 
5 rate-limiting?   
 
 
Scheme 5.5.  Equilibrium Formation of 5 Coupled with Ce(IV)-Mediated Oxidation. 
 
The initial formation of enamine 5 is the first step of the reaction (Scheme 5.5).  If 
the reaction is truly zero-order in CAN, then the rate-limiting step of the reaction is 
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formation of enamine 5.  As a result, the rate expression for SOMO activation would be 
eq 5.14.  
         (5.14) 
This rate expression is consistent with the first order dependencies observed for both 1 
and 3.  However, kinetic analysis of the system yielded an inverse first order in H2O.  
Therefore, the rate-limiting step must occur after the equilibrium formation of enamine 5.   
If oxidation of 5 is rate-limiting, then the rate of reaction is defined by eq 5.15 
        (5.15) 
If we assume that 5 is at steady state (eq 5.16)   
    (5.16) 
solving for [5] provides 
        (5.17) 
which can be substituted into eq 5.15 giving 
        (5.18) 
For the case of a catalytic cycle, a mass balance is required to account for all species that 
contain the catalyst, defined as [3]total 
    (5.19) 
where [5] is defined as eq 5.17.  Solving for [3] yields 
  
−
d[1]
dt = k1[1][3]total
  
−
d[1]
dt = k2[5][Ce(IV)]
  
−
d[5]
dt = 0 = k1[1][3] − k−1[5][Η2Ο] − k2[5][Ce(IV)]
  
[5] = k1[1][3]k−1[Η2Ο]+ k2[Ce(IV)]
  
−
d[1]
dt =
k1k2[1][3][Ce(IV)]
k−1[Η2Ο]+ k2[Ce(IV)]
  
[3]total = [3]+ [5] = [3]+
k1[1][3]
k−1[Η2Ο]+ k2[Ce(IV)]
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     (5.20) 
which can be substituted into eq 5.18 to provide the overall steady-state catalytic rate 
expression eq 5.21. 
     (5.21) 
If we assumed that oxidation of 5 is rate-limiting and that k1[1] << [1] because 3 is the 
resting state of the cycle, eq 21 simplifies to eq 5.22 
      (5.22) 
where Keq is the equilibrium constant of enamine formation (k1/k-1).  Eq 5.22 shows first 
order dependencies for 1, Ce(IV), and the total amount of 3, as well as an inverse first 
order in H2O.  Under the optimized reaction conditions, [3]total and [H2O] remain constant 
throughout the course of the reaction.  Additionally, the limited solubility of CAN results 
in [Ce(IV)] effectively being constant.  These three constant terms simplify eq 22 to 
         (5.23) 
which yields a line of constant slope equal to kobs that intercepts the origin.  Eq 5.23 is 
consistent with all kinetic data observed with RPKA under activating conditions.   
5.3.7 Mechanism of organo-SOMO activated allylation of 1 
 Collectively, the work described vide supra is consistent with the mechanism 
illustrated in Scheme 5.6.  Free amine 3 reacts with 1 to generate an equivalent of H2O 
and enamine 5 which undergoes rapid Ce(IV)-mediated single electron oxidation to 
generate radical cation 6 (SOMO intermediate).  6 undergoes facial-specific attack by 
  
[3] = k−1[Η2Ο]+ k2[Ce(IV)]k−1[Η2Ο]+ k2[Ce(IV)]+ k1[1]
[3]total
  
−
d[1]
dt =
k1k2[1][Ce(IV)]
k−1[Η2Ο]+ k2[Ce(IV)]+ k1[1]
[3]total
  
−
d[1]
dt = Keqk2
[1][Ce(IV)]
[Η2Ο]
[3]total
  
−
d[1]
dt = kobs[1]
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radicophile 2, directing the enantioselectivity of the system.  The resulting product, 
radical cation 7, then undergoes a second Ce(IV)-mediated single electron oxidation to 
generate dication 8.  β–elimination of the silyl cation occurs through reaction with a 
nucleophile present in solution according to a known nucleophilic displacement 
mechanism,24 yielding iminium 9.  In the final step of the mechanism, an equivalent of 
H2O hydrolyzes 9 to release the catalyst and generate product 4 as well as a proton, which  
  
 
Scheme 5.6.  Mechanism of Organo-SOMO Activated Allylation of 1. 
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must be absorbed by base.  The base is required to prevent protonation of 3, which would 
inhibit enamine formation.  
5.3.8 Role of water 
 The mechanism presented in Scheme 5.6 illustrates that one equivalent of H2O is 
generated through initial equilibrium formation of the enamine 5 and is later consumed 
through hydrolysis of iminium 9, leaving one final question to be answered:  Why is the 
addition of 2 equiv H2O necessary to optimize catalysis?  The answer likely lies with 
CAN.  The commonly utilized single electron oxidant and Lewis acid is both oxophilic 
and hydrophilic.  It is likely that H2O generated during the course of the reaction under 
anhydrous conditions is sequestered through coordination to the metal center.  This 
sequestration prevents hydrolysis of iminium 9, which is required for catalyst release.  As 
a result, the free solution [3] will decrease with time, affecting the resting state of the 
catalytic cycle.   
 The coordination of H2O suggested above triggers two physical changes in the 
SOMO reaction system.  First, when H2O is present, a homogeneous solution with a dark 
blood red color is observed (C, Figure 5.11).  This color results from interaction of the 
metal center with H2O.  Under anhydrous conditions, the color is far weaker due to the 
order of magnitude decrease in available H2O.  Secondly, the H2O added to the 
exhaustively dried slurry enhances the homogeneous [CAN] significantly.  When 
compared to anhydrous DME, DME containing 0.50 M H2O can solvate an order of 
magnitude more CAN at -20 oC.  If the reaction is in fact first order in CAN despite the 
apparent zero-order observed by RPKA, the increase in homogeneous concentration by 
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coordination of H2O will increase the overall rate of reaction, which is consistent with 
Figure 5.6.   
 The use of H2O in asymmetric organocatalytic reactions is well-established.22  It 
has been utilized in substoichiometric quantities, as an equivalent additive, or as the bulk 
medium of the reaction.  MacMillan et al. first observed that an addition of 5% H2O 
increased the rate and enantioselectivity of imidazolidinone-catalyzed Diels-Alder 
reactions.28  Ward and Pihko showed that at least 1 equiv H2O enhanced proline-catalyzed 
aldol reactions of both ketones and aldehydes.26,29,30  This interaction was later 
characterized by Blackmond and Armstrong; it is analogous to the findings presented in 
this chapter.23,31  They spectroscopically demonstrated that H2O actually prevented the 
formation of side-products, improving conversion despite the fact that the reaction order 
of H2O is -0.7.  The recent work of Wennermers on organocatalytic conjugate additions 
catalyzed by a peptide-based catalyst showed a similar finding.32  All of these similar 
results collectively suggest that a thorough understanding of the physical interaction and 
mechanistic role of H2O in organocatalyzed reactions is critical for the development and 
application of these transformations, regardless of the catalyst structure or the nature of 
the major bond-forming event.    
5.3.9 Role of solvent 
 Having shown the importance of the interaction between H2O and CAN to not 
only prevent deactivation of the catalyst but also increase the solubility of CAN, it is 
important to consider the mechanistic impact of solvent on organo-SOMO activation.  
MacMillan et al. noted that useful levels of reaction efficiency for the allylation were 
observed in many common solvents including EtOAc, THF, and DCM.1  In all cases, 
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addition of 1-5 equiv H2O was required.  CAN is soluble to some degree in all of these 
solvents with the exception of DCM, in which it is insoluble.  
 Utilizing the allylation of 1 as a model system (Scheme 5.3), a reaction was 
attempted in DCM under anhydrous conditions.  A large amount of solid CAN was 
observed under these conditions and the homogeneous solution was colorless, indicating 
the absence of dissolved oxidant.  As a result, no product formation was observed.  Upon 
the addition of 2 equiv H2O, the solution gained a faint yellow color, and 40% conversion 
was observed.  Additionally, solid Ce(III) was observed in the form of a white 
precipitate.  As stated, CAN is insoluble in DCM.  The addition of 2 equiv H2O enhances 
the solubility of the oxidant, allowing it to carry out the oxidation.  This result is 
consistent with the rate expression for SOMO activation given in eq 22, which requires 
homogeneous CAN. However, further addition of H2O did not improve the yield of 4.  
Under these conditions, no more than two turnovers of the catalyst are observed.   
 Having shown that DCM is an inefficient medium as a result of CAN insolubility, 
MeCN was then examined.  MeCN is a common solvent for CAN-mediated 
transformations because the oxidant is soluble at room temperature. 24, 33-37  However, at 
the reduced temperature of the SOMO system, the CAN solubility is again limited.  
Under anhydrous conditions, allylation of 1 proceeds to 62% completion, or three 
turnovers of the catalyst.  The accumulation of Ce(III) salt was observed as the reaction 
proceeded.  Addition of 1-5 equiv of H2O did not enhance the conversion of 1.   
 When EtOAc was utilized as the solvent, the reaction proceeded to completion 
under anhydrous conditions.  As with DCM and MeCN, Ce(III) formation was observed 
as the reaction proceeded.  With the reaction progressing through three half-lives, RPKA 
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can be utilized to determine the stability of the catalyst through a “same excess” 
experiment.  Using the conditions defined in Table 5.1, a “same excess” experiment was 
performed and the results are given in Figure 5.12.  The two decays do not overlay with 
one another, displaying slight deactivation of 3. Addition of H2O to the system did not 
prevent deactivation of the catalyst.   
 
 
 
Figure 5.12.  Rate vs. [1] for “same excess” experiments in anhydrous EtOAc.  Reactions 
performed using concentrations listed in Table 5.1. 
 
 CAN is highly soluble in acetone and a variety of organo-SOMO activated 
transformations are known to proceed readily in this solvent.2,3,5,7  Initial experiments 
demonstrated that the reaction in anhydrous acetone approaches three half-lives.  The 
addition of H2O improved the conversion and made the system amenable to RPKA.  
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of viable data for analysis, these results demonstrate that the reaction does proceed to 
completion within the same time scale as DME under ideal conditions (8 h).   
  The effect of methyl ethyl ketone (MEK), the industrial equivalent of acetone, 
was next observed.  The reaction went to completion under anhydrous conditions in 
approximately 8 h, allowing for kinetic analysis.  However, the [1] with respect to time 
possessed a constant slope for reactions performed with 0-2 equiv H2O (Figure 5.13).  
Higher [H2O] yielded data with a large amount of scatter that could not be approximated 
by curve fitting.  Additionally, when [4] was plotted as a function of time, a constant 
slope was again observed (Figure 5.13).  The slope of a plot of concentration as a 
function of time is the rate of reaction.  A constant slope is indicative of zero-order 
kinetics.  Because the decay of 1 in Figure 5.13 has a constant slope, it has a reaction 
order of zero.  This observation suggests that the rate-limiting step for the SOMO 
allylation in MEK occurs before 1 participates in the reaction. 
  
 
Figure 5.13.  [1] (diamonds) and [4] (squares) vs. time for SOMO allylation of 1 in MEK 
with 2 equiv H2O.  Reactions performed using concentrations listed in Run 4, Table 5.2.  
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 MEK, like acetone, is a carbonyl containing solvent.  It is possible that the 
imidazolidinone catalyst 3 could react with the solvent (Scheme 5.7). This interaction 
would be the formation of a hemiaminal.  It is unlikely that this species converts to 
enamine, because enamines are rapidly oxidized under these conditions and no side 
products are observed.  It is possible that the reverse step of this equilibrium is rate-
limiting when the reaction is performed in MEK.  Attempts to observe the hemiaminal 
with NMR and IR were unsuccessful.  Despite the occurrence of an off-cycle interaction 
with the catalyst, the reaction still proceeds to completion on a similar time-scale to DME 
under idealized conditions (8 h). 
 
Scheme 5.7.  Equilibrium of 3 and MEK.  
  
Figure 5.14. Rate vs. [1] for “same excess” experiments of CAN-mediated allylation in 
THF with 3 equiv H2O.  Reactions performed using concentrations listed in Table 5.2. 
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Finally, the effect of THF on SOMO activation was observed.  The reaction went 
to completion under anhydrous conditions in approximately 12 h.  “Same excess” 
analysis of the effect of H2O on the reaction in THF showed that deactivation of the 
catalyst is prevented upon the addition of 3 equiv H2O (Figure 5.14).  “Different excess” 
analysis of the reagents showed first order dependencies for 1 and 3, inverse first order in 
H2O, and zero-order dependencies in CAN and NaHCO3, which is consistent with the 
reaction in DME.   
 Following the kinetic analysis of the impact of various solvents on SOMO 
activation, it is important to observe the effect of these solvents on the enantioselectivity 
of the bond-forming event.  Reactions were performed in each of the solvents under the 
conditions that provided the best conversion of 1 (Table 5.5).  The lowest degree of 
enantioselectivity is observed in DCM as compared to the other solvents studied.  MeCN 
and THF provided moderate selectivities.  MEK and acetone provided good selectivities,  
 
 
Table 5.5.  Yields and Enantioselectivities of 4 in Various Optimized Solvents Compared 
to DME. 
 
 
Acetone
DCM
DME
EtOAc
MeCN
MEK
THF
79
43
89
72
62
97
97
83
64
86
99
72
83
73
Solvent Yielda % ee
2
2
2
0
2
2
3
Equiv
H2O
a Isolated yield.
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despite displaying kinetics that differ greatly from the other solvents.  EtOAc provided 
the highest selectivity (99% ee) even under deactivating conditions. 
Collectively, these data illustrate important factors for consideration when 
selecting the solvent for organo-SOMO activation.  Solubility of Ce(IV) is crucial to the 
success of the reaction.  The homogeneous concentration can be improved by the addition 
of H2O in solvents that do not solvate CAN (DCM), but greater conversions are observed 
in solvents that have the ability to dissolve the oxidant under anhydrous conditions.  
Carbonyl-bearing solvents display a zero-order in 1, which likely result from interaction 
of 3 with the solvent.  Deactivation of the catalyst can be prevented in THF upon the 
addition of 3 equiv H2O.  While no clear solvent-dependent effect on enantioselectivity is 
evident, important information can be extracted from the data.  Solvents that provide low 
yields also have reduced enantioselectivities (DCM and MeCN).  Finally, the effect of 
solvent system on rate is displayed in Figure 5.15 for DME, THF, and EtOAc.  DCM, 
MeCN, acetone, and MEK are not displayed because rate data as a function of [1] could 
not be obtained in those systems.  DME with 2 equiv H2O provides the highest rate of 
reaction.  Allylation in THF with 3 equiv H2O occurs at approximately half the rate of 
DME.  It is important to note that this decrease in rate is not simply the result of higher 
[H2O].  Normalization with respect to [H2O] does not provide overlay, which is consistent 
with a slower rate of reaction in THF. 
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Figure 5.15.  Rate vs. [1] in DME (2 equiv H2O), THF (3 equiv H2O), and EtOAc 
(anhydrous).  All reactions performed using concentrations listed in Run 4, Table 5.2. 
 
The last feature to consider when observing the effect of solvent is the formation 
of white precipitate in specific systems.  In DCM, MeCN, and EtOAc, the accumulation 
of Ce(III) salt is observed as the reaction proceeds.  Reactions in these solvents either do 
not go to completion (DCM and MeCN) or are very slow and deactivation cannot be 
prevented (EtOAc).  Heterogeneous Ce(III) is not observed in DME, THF, acetone, or 
MEK:  solvents where complete conversion of 1 is observed.  Additionally, deactivation 
of the catalyst can be prevented in DME and THF.  Evans et al. have reported a crystal 
structure for the salt that results from the reduction of CAN in DME (Figure 5.16),38 in 
which the metal-center is chelated by two DME molecules.  THF is also known to 
coordinate to lanthanides.39  The nucleophilic lone-pairs of acetone and MEK could also 
coordinate to Ce(III).  These observations suggest that not only is it important to solvate 
Ce(IV), but Ce(III) as well.  Ce(III), like Ce(IV), is hydrophilic.  The deleterious effect of 
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Figure 5.16.  ORTEP diagram of Ce(NO3)3(DME)2.38   
 
insoluble Ce(III) could result from sequestration of the H2O generated during the course 
of the reaction similar to the anhydrous system in DME. 
5.3.10 Oxidant lipophilicity 
 Having demonstrated the importance of CAN solubility in SOMO activation, we 
postulated that utilization of ceric tetra-n-butylammonium nitrate (CTAN), due to its 
solubility in lipophilic solvents, could facilitate reactivity.  In addition, each equivalent of 
CAN added to the reaction mixture provides 2 equiv of ammonium cations.  It is possible 
that these cations could interfere with the catalytic cycle through the equilibrium in 
Scheme 5.8, necessitating the inclusion of base.  In the absence of base, the catalyst 
would become protonated, and protonated catalyst cannot form enamine to initiate the 
catalytic cycle.  Also, the counter ion for the imidazolidinonium ion generated would 
most likely be one of the nitrates from the oxidant.  It is possible that in some solvents, 
this salt would be completely insoluble, providing a potential pathway to deactivation.  
Reactivity of Ceric Ammonium Nitrate with NaC5H5 
Figure 1. ORTEP diagram of Ce(N03),(DME)*. 
~ t r a t e d . ~ - ~  To learn more about the reactivity of CAN and to 
determine if it is a good precursor to Ce(II1) as well as Ce(IV) 
compounds, we have studied its reactivity with the cyclo- 
pentadienide ion, C5H5- (Cp). Since 1971, the literature has 
contained reports of cerium( IV) cyclopentadienide complexes 
prepared f m dipyridinium he~achlor cerat (IV).~-~ Howev r, 
in 1983 the synthesis of Cp4Ce from (C5H6N)2CeC16 was con- 
vincingly refuted by Deacon et al.,9 who found that the actual 
reaction product was Cp3Ce(THF).Io On this basis, one could 
expect that CAN would be a precursor to Cp3Ce, not Cp4Ce, and 
preliminary reports indicated this was correct.”J2 We report 
here the details of this reaction, including a simplified high-yield 
synthesis of Cp3Ce(THF), intermediates in the reaction, and X-ray 
data on a new cerium(II1) nitrate. The overall reaction scheme 
presented here and the structurally characterized cerium(II1) 
nitrate derivative help explain the general reactivity of CAN and 
demonstrate that it is a viable precursor to Ce(II1) complexes. 
Results and Discussion 
Synthesis. CAN reacts with NaCp in T H F  under N2 in an 
exothermic reaction that evolves gas. If CAN is treated with 6 
equiv of NaCp and if the reaction is worked up after 30-60 min, 
a >90% yield of Cp3Ce(THF) (identified by NMR spectroscopy 
and X-ray crystallography) can be obtained (reaction 1) as well 
(NH4)2Ce(N03)6 + 6NaCp - Cp3Ce(THF) + 2NH3 + THF 
6NaN03  + 2CpH + Cp oxidn products (1) 
(1) (a) Rhone-Poulenc, Inc. (b) University of California, Irvine. 
(2) Gradeff, P. S.; Schreiber, F. G.; Brooks, K. C.; Sievers, R. E. Inorg. 
Chem. 1985, 24, 11 10-1 11 1. 
(3) Gradeff, P. S.; Schreiber, F. G.; Mauermann, H. J.  Less-Common Met. 
(4) Deming, T. J.; Olofson, J. M.; Ziller, J .  W.; Evans, W. J. Abstracts of 
Papers, 196th National Meeting of the American Chemical Society, Los 
Angeles, CA; Americ n Chemic l Society: Washingt n, DC, 1988; 
INOR 221. 
(5) Kalsotra, B. L.; Anand, S. P.; Multani, R. K.; Jain, B. D. J .  Organomet. 
Chem. 1971. 28. 87-89. 
1986, 126, 335-338. 
Kalsotra, B.~ L.;~ Multani, R. K.; Jain, B. D. Isr. J. Chem. 1971, 9, 
569-572; J .  Inorg. Nucl. Chem. 1973, 35, 311-313. 
Kapur, S.; Multani, R. K. J. Organomet. Chem. 1973, 63, 301-303. 
Kapur, S.; Kalsotra, B. L.; Multani, R. K.; Jain, B. D. J .  Inorg. Nucl. 
Chem. 1973, 35, 1689-1691. 
Deacon, G. B.; Tuong, T. D.; Vince, D. G. Polyhedron 1983, 2, 
969-970. 
Birmingham, J.  M.; Wilkinson, G. J .  Am.  Chem. SOC. 1956, 78,42-44. 
(a) Gradeff, P. S.; Schreiber, F. G. NATO ASISer. ,  Ser. C 1984, No. 
155. (b) Rhone-Poulenc, Inc., US. Patents 4,492,655 and 4,703,109, 
1985. 
(12) Jacob, K.; Glanz, M.; Tittes, K.; Thiele, K. H. Z .  Anorg. Allg. Chem. 
1988, 556, 170-178. 
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as a high yield of a white salt presumed to be NaN03.  The gas 
evolved in the reaction is NH3, and the presence of oily hex- 
ane-soluble byproducts is consistent with CSH< oxidation products. 
In order to identify intermediate steps in the overall 6-equiv 
reaction, CAN has also been treated with 1, 3, and 5 equiv of 
NaCp. These results are consistent with the reactions shown in 
Scheme I and with the following individual steps. (a) Initially, 
1 equiv of NaCp is consumed in a reaction resulting in complete 
reduction of Ce4+ to Ce3+ (eq a). An unstable black intermediate 
is present in this step. (b) Two equivalents of NaCp subsequently 
reacts with NH4+ ions to form NH3, NaN03,  and CpH, leaving 
1 equiv of “Ce(N03)3(THF),” (eq b). (c) Three equivalents of 
NaCp replaces the NO3 groups in “Ce(N03)3(THF),” to form 
the observed Cp3Ce(THF) and more NaN03 (eq c). The validity 
of these steps was tested in a variety of ways as described below. 
Scheme I 
(NH4)2Ce(N03)6 + NaCp - “CpCe(N03)S(NH4)2” + THF 
N a N 0 3  - (NH4)2Ce(N03)5 + Cp oxidn products (a) 
THF 
(NH4)2Ce(N03)5 + 2NaCp - 
“Ce(N03)3(THF),” + 2NaN03 + 2NH3 + 2CpH (b) 
“Ce(N03)3(THF),” + 3NaCp - Cp3Ce(THF) + 3NaN03 
(c) 
THF 
(NH4)2Ce(N03)6 + 5NaCp - 
Cp2Ce(N03)2Na(THF)2 + 4NaN03 + 2NH3 + 2CpH + 
Cp oxidn products (d) 
Cp3Ce(THF) + 5NaN03 + 2NH3 + 2CpH (e) 
During dropwise addition of the first equivalent of NaCp to 
CAN, no gas formation is observed and the formation of an 
unstable species is clearly indicated by color changes. A black 
color appears upon contact of the NaCp solution with the CAN 
solution, but this color dissipates almost immediately. It is possible 
that the black color arises from a charge-transfer absorption in 
a transient cyclopentadienylcerium(1V) complex such as 
“CpCe(N03)5(NH4)2”. This possibility is consistent with the 
observation that Cp3CeOR complexes are black.I3-l6 
The reaction of CAN with the first equivalent of NaCp can 
be effectively titrated by using this black species as a colorimetric 
indicator. The black species ceases to form after 1.05-1.1 5 mol 
of NaCp is added/mol of CAN. After 1.1 5 mol of NaCp is added, 
the solution contains no Ce(IV), as shown by a qualitative test 
with barium 4-(phenylamino)ben~enesulfonate.~~ These results 
are consistent with eq a in Scheme I, which shows that the first 
step in this reaction is the reduction of Ce(IV) to Ce(II1) by NaCp. 
This reaction apparently occurs first with little overlap of the 
subsequent reactions (eq b and c), since the titration shows that 
an excess of only 0.054.15 equiv of NaCp is needed to completely 
reduce Ce(IV) to Ce(II1). 
When CAN is treated with 3 equiv of NaCp, the color changes 
described above occur as NaCp is initially added, but subsequently, 
vigorous evolution of NH3 occurs. A precipitate (NaN03) is 
formed along with a cerium product of low solubility, which 
contains no detectable Cp ligands (by NMR spectroscopy and 
decomposition studies). These results are consistent with a com- 
bination of eq a and b, which show “Ce(N03)3(THF),” as the 
likely cerium product.I8 Further support for the existence of a 
species like “Ce(N03)3(THF),” arises from an X-ray crystallo- 
graphic study of a dimethoxyethane (DME) analogue, Ce- 
(NH4)2Ce(N03)5 + 5NaCp - 
(13) Greco, A,; Cesca, S.; Bertolini, G. J .  Organomef. Chem. 1976, 113, 
321-330. 
(14) Gulino, A,; Casarin, M.; Conticello, V. P.; Guadiello, J. G.; Mauermann, 
H.; Fragala, I.; Marks, T. J. Organometallics 1988, 7, 2360-2364. 
(15) Evans, W. J.; Deming, T. J.; Ziller, J. W. Organometallics, in press. 
(16) Black cerium products were also observed in reactions of (pyH)2[CeC16] 
with N ~ C P . ~  
(17) Scott, W. W. Standard Methods of Chemical Analysis, 5th ed.; Van 
Nostrand: Princeton, NJ, 1939; Vol. 1, p 1206. 
(18) Complexometric analysis is consistent with x = 1-2. 
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Substitution of the ammonium cations with tetra-n-butylammoniums will remove 4 equiv 
of Brønsted acid from the reaction mixture.   
 
Scheme 5.8.  Equilibrium Interaction Between Ammonium and 3.   
 
 Utilization of CTAN was first examined in DCM, a solvent in which CAN is 
insoluble and the SOMO reaction does not occur under anhydrous conditions.  Unlike 
CAN, CTAN dissolves readily in DCM.  However, because of the low volume of solvent 
as well as reduced temperatures, the slurry produced under these conditions is too viscous 
for adequate mixing via magnetic stirring.  CTAN has a molecular weight of 996 g/mol, 
almost double that of CAN (548 g/mol).  The significant increase in insoluble mass 
requires the use of a larger volume of solvent for sufficient mixing to occur.  When the 
volume of DCM was increased to 40 mL, the slurry could be mixed.  Under anhydrous 
conditions, 23% conversion of 1 was observed.  Addition of H2O did not enhance 
conversion.   
 In anhydrous MeCN and acetone, the reaction proceeds through three half-lives 
with deactivation of 3.  “Same excess” analysis of the effect of H2O on catalyst stability 
demonstrated that upon the addition of 2 equiv H2O, deactivation could be prevented 
based on the overlay of the decays shown in Figure 5.17.  The CTAN-mediated reaction 
in MeCN displayed the same rate orders as the CAN-DME system (Table 5.4) Acetone 
displayed similar reaction orders with the exception of H2O and CTAN.  Addition of H2O 
beyond 2 equiv results in incomplete conversion of 1.  Utilization of a different excess of 
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NH4 NH3+ +
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CTAN in acetone resulted in decays of constant slope, consistent with a zero order in 1 
(Figure 5.18).   
 Under anhydrous conditions, the reaction in THF does not go to completion (58% 
yield) due to deactivation of 3.  Surprisingly, the addition of H2O results in formation of a 
side product, resulting in a decrease in product formation.  It is possible that this 
compound is a result of the combination of 1 and H2O in the presence of CTAN.   
  
Figure 5.17.  Rate vs. [1] of CTAN-mediated “same excess” allylation of 1 in MeCN 
(left) and acetone (right) with 2 equiv H2O. All reactions performed at half the 
concentration of the CAN-mediated reactions listed in Table 5.2. 
 
 
Figure 5.18.  [1] vs. time for CTAN-mediated allylation of 1 in acetone for “different 
excess” of CTAN.   
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 In order to directly compare the rates of CTAN-mediated reactions with those by 
CAN, it is necessary to compare normalized reaction rates with respect to [3] due to the 
differing relative volumes of solvent required for efficient mixing.  This normalized rate 
is referred to as the turnover frequency of the catalyst (Hz), which allows for comparison 
of reactions containing differing concentrations of catalyst.  Figure 5.19 directly 
compares the effect of both solvent and oxidant on the rate of reaction normalized by the 
[3].  The combination of acetone/CTAN leads to the highest turnover of 3, almost double 
that of DME/CAN.  The reaction in MeCN/CTAN provided the second highest catalyst 
turnover.  The two systems that provide the lowest turnover of 3 are THF/CAN and 
EtOAc/CAN.  Finally, all solvents provided high enantioselectivities for the CTAN- 
 
Figure 5.19.  Turnover frequency of 3 vs. [1] for the allylation of 1 under optimized 
conditions:  acetone and CTAN (triangle, 2 equiv H2O), MeCN and CTAN (2 equiv H2O, 
square), DME and CAN (2 equiv H2O, diamond), THF and CAN (3 equiv H2O, X), and 
EtOAc and CAN (anhydrous, *).  All reactions performed using concentrations listed in 
Run 4, Table 5.2. 
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mediated reaction (Table 5.6).  It is important to remember that reactions utilizing CTAN 
require twice the amount of time to reach completion when compared to CAN-mediated 
reactions of similar catalyst turnover due to the reduced concentrations of reagents.  The 
tradeoff for increased lipophilicity of Ce(IV) is that almost twice the mass of material is 
needed to remove the same number of electrons. 
 
Table 5.6. Yields and Enantioselectivities of 4 in CTAN-Mediated Solvents 
 
5.3.11 Role of catalyst 
 In order to examine the role catalyst structure plays in the rate of reaction and the 
enantioselectivity of the bond-forming event, it was necessary to modify the structure of 
the catalyst and observe the impact of structural alterations.  These structures will probe 
the effect of the “bulky” group of the catalyst which has been shown to orient the five-
membered ring so that the benzyl group shields one face of the SOMO intermediate. 1  To 
this end, imidazolidinones 8 and 9 were synthesized in addition to 3.  All three structures 
can be generated through the formation of an aminal (7) from amide 5 and a carbonyl-
containing compound 6:  3 is produced from 2,2-dimethylpropionaldehyde, 8 from 
acetone, and 9 from 2-methylpropionaldehyde (Scheme 5.9).  
 
Solvent Equiv H2O Yield
a ee
Acetone
DCM
MeCN
THF
2
0
2
0
88
23
85
58
83
88
86
87
a Isolated yield.
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Scheme 5.9.  Imidazolidinone Synthesis. 
 
 
Initial examination of the effect of catalyst structure began with its impact on the 
equilibrium of enamine formation (Scheme 5.10).  Equilibrium constants (Keq) were 
measured with equivalent amounts of 1 and amine in deuterated acetone in the presence 
of 3 mol% Ce(NO3)3•6H2O by 1H NMR (Table 5.6).  Values of Keq were measured over a 
20 oC range, and the enthalpy of formation (ΔHo) and entropy of formation (ΔSo) of each 
equilibrium were determined using the van’t Hoff equation (eq 24) 
       (24) 
where T is the temperature and R is the gas constant.  The Gibb’s free energy of 
formation (ΔGo) was extrapolated to -20 oC using eq 25. 
         (25) 
The results of the van’t Hoff analysis are given in Table 5.7.   
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Table 5.7.  Standard Thermodynamic Parameters for the Equilibrium of Enamine 
formation.a 
 
 
 Inspection of the thermodynamic data in Table 5.7 shows that the structural 
differences on the amines have little impact on Keq.  All three reactions generate more 
ordered systems, consistent with the condensation reaction.  Additionally, the enamine 
generated from 8 is almost 50% more ordered than that of 3 and 9.  However, 8 shows an 
approximately 2 kcal/mol increase in ΔHo compared to 9.  This observation suggests that 
8 forms a more stable enamine with 1 than 3 or 9.  The low values of ΔGo are the same 
within experimental error and are consistent with similar equilibrium constants observed 
for the three enamines.   
N
N
O
N
H
N
OO
H
1 7 10
+ + H2OR1
R2
R2
R13 mol% Ce(III)
N
H
N
O
Ph
N
H
N
O
Ph
N
H
N
O
Ph
0.113
0.196
0.157
-5.7 ± 0.3
-7.9 ± 0.3
-5.2 ± 0.5
0.2 ± 0.3
-0.4 ± 0.3
0.2 ± 0.5
-24 ± 1
-29.6 ± 0.9
-21 ± 2
Amine Keq at 25 oC ΔHo (kcal/mol)b ΔSo (cal/mol)b ΔG
o at -20 
oC (cal/mol)c
3
8
9
a All values of Keq determined by 1H NMR over a temperature range between 5 and 25 oC, [1] = [amine] = 0.25 
M, [Ce(NO3)3] = 7.5 mM in d6-acetone.  b van't Hoff parameters determined by ln(Keq)=-ΔHo/RT+ΔSo/R.  c 
Calculated from ΔGo = ΔHo - TΔSo.
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Next, the impact of catalyst structure on the catalytic cycle was observed.  
Reactions were performed with 8 and 9 and compared to the data obtained for 3.  
Initially, 8 was utilized to catalyze the allylation of 1 under the optimized conditions for 
3.  Surprisingly, no reaction occurs at -20 oC.  No product is formed until the system is 
warmed to 0 oC.  However, under these conditions, an unidentified side product also 
forms with time, preventing accurate measurement of the rate of reaction.   
Next, rates of reaction utilizing 9 were observed.  Unfortunately, it was difficult to 
obtain decays that could be approximated via curve-fitting with the free amine of 9, a 
viscous oil.  In an attempt to improve the kinetic traces, the trifluoroacetic acid (TFA) salt 
was produced.  Using 9-TFA, a “same excess” experiment was performed under 
anhydrous conditions (Figure 5.20).  These data demonstrate that the catalyst is 
deactivating.  Under these conditions, the enantioselectivity of the 9-TFA-mediated 
reaction is 64% ee, a significant decrease from 3.  Surprisingly, addition of H2O 
prevented the reaction from going to completion (approximately 60%).  Direct  
  
Figure 5.20.  Rate vs. [1] for “same excess” catalyzed by 9 under anhydrous conditions 
(left), and 3-catalyzed and 9-catalyzed SOMO allylation under anhydrous conditions. All 
reactions performed using concentrations listed in Table 5.1. 
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comparison of the anhydrous data of 9-TFA to that of 3 shows a marked decrease in rate 
of reaction for 9-TFA.  It is important to note that 3 was utilized as a free amine.   
To verify if the salt of the catalyst has an effect on the rate as compared to the free 
amine, 3-TFA was synthesized and a “same excess” experiment was performed.  
Surprisingly, 65% conversion occurred before the first aliquot was taken.  In order to 
monitor enough of the reaction to extract kinetic information, the [3-TFA] was reduced 
to 10 mol% and compared to free amine 3 at 10 mol% (Figure 5.21).  Forming the TFA 
salt of 3 more than tripled the rate of reaction while maintaining high enantioselectivity 
(90% ee).   
 Because of the consistent data obtained for 9-TFA and the markedly enhanced 
rate of 3-TFA, 8-TFA was produced and utilized to catalyze a reaction.  When the acid 
salt was utilized, product formation was observed.  However, the reaction only yields  
 
 
Figure 5.21.  Rate vs. [1] for 10 mol% 3 and 3-TFA. Reactions performed using 
concentrations listed in Run 4, Table 5.2. 
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approximately 30% 4 after 24 h with no side product.  The enantioselectivity of this 
reaction was 92%. 
Collectively, these data present important kinetic and thermodynamic information 
for the role of catalyst structure on SOMO activation.  Structure has little impact on the 
Keq of enamine formation.  However, analysis of the effect of temperature on the 
equilibrium shows that 8 displays the most negative ΔHo by 2 kcal/mol.  Despite having 
similar values of Keq, the structural changes do have a large impact on the rate of reaction.  
Under standard reaction conditions, 8 does not catalyze the formation of 4, but when it is 
converted to its TFA salt, the reaction proceeds to a limited degree.  Conversely, the TFA 
salt of 9 does catalyze the reaction under anhydrous conditions, but at a reduced rate of 
reaction, while inducing less enantioselectivity compared to 3.  Finally, the acid salt of 3 
displays a dramatic increase in reaction rate compared to the free amine, suggesting that 
the decrease in rate of 9-TFA is a result of the structural modification and not utilization 
of the acid salt of the catalyst.  The t-butyl group of 3 orients the catalyst structure so that 
a single face of the enamine is shielded.  This selective shielding not only directs the 
bond-forming event of the reaction, it provides Ce(IV) unhindered access for single 
electron transfer.  Utilization of the isopropyl group decreases the selective shielding of a 
single face, abating the enantioselectivity and mitigating interaction of Ce(IV) and the 
enamine.   
5.3.12 Role of acid 
 To further examine the enhancement of the reaction due to utilization of the TFA 
salt of 3, a variety of acid salts were generated.  The acids, which produced solid 
imidazolidinonium salts, were TFA, trichloroacetic acid (TCA), (±)-camphor-10-sulfonic 
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acid (CSA), p-toluenesulfonic acid (Ts), and perchloric acid (PC) (structures given in 
Figure 5.22).  Rates of reaction were measured for the allylation of 1 mediated by each of 
the acid salts.  All salts went to completion with a catalyst loading of 10 mol% (0.025 M) 
under the optimized conditions for 3 (Run 4, Table 5.2).  Interestingly, the 3-PC-
mediated system did not go to completion until the amount of catalyst needed was 
increased to 20 mol% (0.050 M).  In order to compare all of the systems, regardless of 
[3], a plot of catalyst turnover as a function of [1] was generated (Figure 5.23). 
 
Figure 5.22.  Acids utilized to form imidazolidinonium salts. 
 
Figure 5.23.  Turnover frequency of 3 vs. [1] for reactions catalyzed by 10 mol% 3 
(filled circle), 3-TFA (filled square), 3-TCA (filled triangle), 3-CSA (empty square), 3-
Ts (empty triangle), 3-PC (empty circle).  All reactions performed using concentrations 
listed in Run 4, Table 5.2. 
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Table 5.8.  Enantiomeric Excess of Reactions Catalyzed by Various Acid Salts of 3. 
 
 
Additionally, the enantioselectivities of reactions catalyzed by each of these salts are 
provided in Table 5.8.  The lowest turnover frequency was observed for 3-PC, which is 
1/3 of the frequency observed for the free amine 3.  The 3-Ts-mediated system displayed 
a 50% increase in catalyst turnover compared to the free amine.  Salts 3-TFA, 3-TCA, 
and 3-CSA displayed approximately the same frequency; three times that of the free 
amine.  Closer inspection of the data shows a partial trend with respect to the pKa of the 
acid utilized to generate the imidazolidinonium salt.  The salt made with PC provided the 
slowest reaction rate and has a pKa of -10.  The next strongest acid, Ts (pKa = -2.8), 
provided the salt with the second slowest rate, which is marginally faster than the free 
amine.  The remaining salts, made from TFA (pKa = -0.25), TCA (pKa = 0.66), and CSA 
(pKa = 1.20), provided the highest turnover of 3.  It is important to note that all five 
imidazolidinonium salts yielded 4 with high enantioselectivity (≥ 90% ee).  Additionally, 
deactivation of the catalyst was observed for all five salts regardless of [H2O] (Figure 
5.24).   
 
 
3-TFA
3-TCA
3-CSA
3-Ts
3-PC
89
92
91
93
94
Acid Salt % ee
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Figure 5.24.  Rate vs. [1] for “same excess” catalyzed by 10 mol% 3-TFA.  Reactions 
performed using concentrations listed in Runs 3 and 4, Table 5.2. 
 
 
 To probe whether the acid salt or simply the addition of acid was the origin of the 
enhanced rates, reactions were performed under optimized reaction conditions utilizing 
0.025 M free amine 3.  Prior to addition of 1 and 2, 0.025 M TFA was added to the flask.  
This process was repeated with both 0.050 M and 0.125 M TFA.  The decays of these 
reactions are given in Figure 5.25. Interestingly, addition of TFA provides a slight 
increase in rate compared to the salt of the catalyst, 3-TFA.  Doubling the [TFA] to 0.050 
M has little effect on the rate of reaction.  Further increase in the [TFA] to 0.125 M yields 
another slight increase in rate.  However, the rate increase observed is not consistent with 
a first order dependency on [TFA].  Despite not possessing a rate order, addition of acid 
either as a preformed salt of the catalyst or as free acid dramatically affects the rate of 
reaction.  It is important to note that NaHCO3 was present in all reactions displayed in 
Figure 5.25 in excess with respect to 1.  As a result, any acid added to the flask prior to 
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Figure 5.25.  Rate vs. [1] to observe the effect of [TFA]:  free amine 3 (filled circle), salt 
3-TFA (filled square), 0.025 M TFA (filled triangle), 0.050 M TFA (empty circle), and 
0.125 M equiv TFA (empty square). All reactions performed using concentrations listed 
in Run 4, Table 5.2. 
 
 
initiation of the reaction should simply be deprotonated by excess NaHCO3 to yield H2O, 
CO2, and sodium trifluoroacetate (Na-TFA).  If the acid added to the SOMO reaction is 
converted to its sodium salt prior to initiation, it is plausible that an interaction of the 
conjugate base is providing the rate acceleration.   
 To observe the effect of the conjugate base, two reactions were performed with 
differing amounts of Na-TFA in the absence of NaHCO3 catalyzed by free amine 3.  In 
the first, Na-TFA was substituted for NaHCO3 and was added in excess with respect to 1.  
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Figure 5.26.  Rate vs. [1] to observe the effect of Na-TFA:  free amine 3 (filled circle), 
salt 3-TFA (filled square), 0.050 M Na-TFA and no NaHCO3(empty square), and 0.125 
M Na-TFA and no NaHCO3 (empty circle). All reactions performed using concentrations 
listed in Run 4, Table 5.2. 
 
 
The second reaction was performed with a substoichiometric amount of Na-TFA (0.050 
M).  The results are given in Figure 5.26 and compared to free amine 3 and 3-TFA, 
which are in the presence of excess NaHCO3.  These data demonstrate that the conjugate 
base of TFA is providing the rate-enhancement that is observed as a result of acid 
addition.  This acceleration is independent of the [Na-TFA] and is consistent with the 
systems where free acid was added to the reaction containing NaHCO3.    
 The effect of the conjugate base was probed further by examining the effect of the 
identity of the conjugate base.  Two additional reactions were performed with the 
addition of 0.050 M sodium trichloroacetate (Na-TCA) and (Na-Ts) and are compared to 
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the reaction containing Na-TFA in Figure 5.27.  They demonstrate that the identity of the 
conjugate base has no effect on the rate of reaction.   
 
 
Figure 5.27.  Rate vs. [1] to observe the effect of 0.050 M conjugate base:  Na-TFA 
(diamond), Na-TCA (square), and Na-Ts (triangle). All reactions performed using 
concentrations listed in Run 4, Table 5.2 in the absence of NaHCO3. 
 
 Collectively, these data have significant implications for utilization of the SOMO 
reaction.  1) The acid salt of the catalyst greatly increases the rate of reaction.  2) The 
identity of the acid used to make the imidazolidinonium salt has an effect on the rate of 
reaction, with milder acids providing the highest rates.  3) Simple addition of acid to the 
reaction slurry catalyzed by the free amine yields similar rates as when the acid salt of the 
catalyst is preformed.  4) The conjugate base of the acid is responsible for the rate 
acceleration.  5) This observed effect is not concentration-dependent in the additive.  
These observations leave one final question:  How are the conjugate bases increasing the 
rate of reaction? 
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 Protonation of the catalyst during the catalytic cycle shown in Scheme 5.6 
prevents addition to the carbonyl to form enamine.  NaHCO3 removes free protons from 
the reaction medium irreversibly through conversion to CO2 and H2O.  However, the 
conjugate base of the acids that enhance the rate do not share this property.  When the 
acid salt of the catalyst is utilized in the absence of base, the reaction does not go to 
completion.  Further, when the acid salt of the catalyst is utilized in the presence of 
excess of the corresponding sodium salt, almost no 4 is formed.  However, when the 
reaction is performed in the presence of added conjugate base, or conjugate base 
generated in situ, the slurry is solubilized.  Figure 5.27 illustrates the homogeneity of the 
system after approximately 30-45 min of reaction time.  This observation suggests that 
the homogeneous [CAN] is actually higher under the more acidic conditions.   
 CAN-mediated transformations were traditionally carried out in acidic media.  
More than 80 years ago, Ce(IV) salts were originally synthesized by adding mineral acid 
to CeO2 solid to generate a salt comprised of Ce(IV) and the corresponding conjugate 
 
Figure 5.28. Photograph of the Organo-SOMO Allylation of 1 in the presence of acid -20 
oC with 2 equiv H2O at 30-45 min. 
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base.40  The resulting acidic solutions were utilized directly to perform single electron 
oxidations.  Beginning in 1931, efforts to measure the redox potential of the 
Ce(IV)/Ce(III) couple were almost universally performed in acidic solution.41  The 
identity of the acid provided varying electrochemical properties, with some acids 
providing a concentration-dependent increase in the redox potential (e.g. HClO4) while 
others displayed no effect (e.g. HNO3).42  Additionally, when NaClO4 was utilized in 
HNO3 solution, no concentration-dependent effect was observed resulting from the 
perchlorate ion.43  Ce(IV) salts that are generated from strong mineral acids are typically 
only soluble in aqueous or acidic solutions.44  Only in the last 30 years have reactions 
been developed utilizing CAN in polar/coordinating organic solvents;33,45 conversely, 
salts made from organic acids are more soluble in organic solvents.44  In 1973, 
cerium(IV) trifluoroacetate (CTFA) was first synthesized.46  CTFA is soluble in 
coordinating solvents, including DME, acetone, and MeCN.  Interestingly, it was only 
partially soluble in neat TFA.  The addition of trifluoroacetate salts to the solution of 
CTFA in acid enhanced the homogeneous concentration of the oxidant.  Based on this 
literature precedence and the observed increase in homogeneity, are the acids/conjugate 
bases added to the organocatalytic system interacting with CAN and thereby enhancing 
its solubility? 
To explore this supposition, the [CAN] was determined in anhydrous DME in the 
presence of Na-TFA through gravimetric analysis (Table 5.9).  Due to the lack of 
solubility of the other sodium salts, the effect of acids TFA, TCA, and CSA, which are 
soluble in DME, was also observed. In the absence of any additive, the [CAN] in  
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Table 5.9.  Homogeneous [CAN] in the Presence of a Variety of Acids. 
 
 
anhydrous DME is 0.033 M despite enough CAN present to provide a concentration of 
0.600 M.  The addition of Na-TFA to the solution increased the [CAN] by an order of 
magnitude to 0.368 M.  Other sodium salts of the conjugate bases were visibly insoluble 
in anhydrous DME and provided no enhancement to the [CAN].  The addition of 0.050 
M acid increased the [CAN] by a factor of six for all three acids.  This dramatic increase 
in [CAN] by these additives coupled with the concentration enhancement provided by 
H2O presented in 5.3.5 allows the slurry to convert to homogeneity over time.  As a 
result, the acceleration in the rate of reaction is consistent with the increased [CAN], 
which is in agreement with the rate law of the reaction (eq 5.22).   
 Application of organo-SOMO activation on the  α-nitroalkylation of aldehydes is 
consistent with the effect observed resulting from the addition of trifluoroacetate salt to 
the reaction mixture.7  MacMillan et al. observed that when NaHCO3 is utilized as the 
base in THF, the reaction requires 24-48 h to proceed to completion.  Conversely, when 
Na-TFA is added to the reaction in acetone, the reaction is completed in 4-16 h.  
Comparison of the effect of solvent in 5.3.9 demonstrated that the rate of reaction in THF 
none
CSA
0.033
0.198
0.176
0.171
Additive [CAN] (M)a
TFA
TCA
a Determined by gravimetric analysis of 1 mL of 
solution produced from 6.576 g CAN in 20 mL 
DME at -20 oC in the presence of 50 mM additive.
Na-TFA 0.368
% Increase
-
500
430
420
1000
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is approximately half that in acetone under identical reaction conditions.  Examination of 
the reaction time required to obtain full conversion in the nitroalkylation demonstrates 
that when Na-TFA is added to acetone, the reaction completes 4-6 times faster than when 
NaHCO3 is utilized in THF.  The discrepancy between the solvent effect and the reaction 
times of these two systems suggests that Na-TFA is affecting the rate of reaction in this 
system.  This observation as well as the reactions presented in 5.3.13 indicates that it is 
important that the synthetic chemist carefully consider the base utilized in organo-SOMO 
activation, regardless of the radicophile to which the SOMO intermediate reacts. 
5.3.13 Synthetic application 
 The detailed mechanistic studies performed on the SOMO-allylation identified 
critical changes in the protocol, which significantly improved the rate of the reaction.  
The original SOMO protocol, described by MacMillan and coworkers, required 24 h, 
generating an 81% yield and 91% ee.1  We found that the ideal method requires the initial 
drying of all components followed by addition of a known amount of H2O.  This altered 
method resulted in a significantly shorter reaction time (8 h) and an increase in yield  
 
Scheme 5.10.  Optimized Reaction Scheme of the Organo-SOMO Allylation of 1. 
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(89%) while maintaining the same high enantioselectivity of the bond-forming event 
(86% ee) and is illustrated in Scheme 5.10.1  The result of this protocol is a system where 
the catalyst is stable throughout the reaction. 
 Furthermore, if acid is added to the system, the loading of the catalyst can be 
decreased to 10 mol%.  In this system, 4 is formed in an 89% isolated yield in 5 h with an 
89% ee.  Under these conditions, the catalyst deactivates and the change in rate of 
reaction decreases with time with respect to [1].   
 
Scheme 5.11.  Acidic Reaction Scheme of the Organo-SOMO Allylation of 1.   
 
5.4 Summary 
 Overall, these studies demonstrate the inherent mechanistic complexity of organo-
SOMO activation.  The application of RPKA to elucidate the important kinetic properties 
of the system in conjunction with spectroscopic studies allowed for the determination of 
the mechanistic properties of an intricate system containing organocatalysis, phase 
transfer, single electron oxidation, and free radical chemistry.  The results of these 
experiments demonstrate that:  1) H2O is required to prevent the deactivation of the 
catalyst through interaction with CAN.  2) The solubility of CAN is limited under 
N
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reaction conditions despite the increase in homogeneous [CAN] caused by the presence 
of H2O.  3) The complete rate law of the reaction when it is optimized for catalysis given 
in eq 22 is first order in 1, 3, and CAN and is inverse first order in H2O.  However, 
because of the constant effective concentrations of 3, H2O, and CAN, the expression 
simplifies to eq 23, which is consistent with the kinetic data obtained under optimized 
conditions.  4) The solvent selection is not only important in the solvation of CAN, but it 
must also solvate Ce(III) that is generated in situ.  5) The increased lipophilicity of 
CTAN does not circumvent the limiting effect of phase transfer of the oxidant and 
actually hinders mixing of the reaction because of the resulting increase in mass.  6) The 
bulky group of the catalyst structure does not greatly impact enamine formation, but has a 
large impact on the rate of oxidation of the intermediate enamine.  Additionally, a 
decrease in size of the bulky group decreases the enantioselectivity of the carbon-carbon 
bond-forming event.  7) Addition of acid to the reaction can greatly accelerate the rate of 
reaction.  This effect is a result of interaction with CAN enhancing the homogeneous 
concentration of the oxidant.    
5.5 Synthesis and spectral data for all products 
5.5.1 Procedure for synthesis of 5  
In a 100 mL round bottom flask, CAN (33 mg, 60 µmol) was dissolved in 40 mL 
anhydrous MeCN.  3 (0.49 g, 2 mmol) and 1 (311 µL, 2 mmol) were added and the 
reaction was stirred for 15 min.  The reaction was concentrated via rotary evaporation.  
Purification by Teledyne ISCO CombiFlash Rf (silica gel pretreated with 1% 
Et3N/EtOAC followed by Hexanes, 0-100% EtOAc/Hexanes) afforded 5 (0.1663, 23% 
yield).  1H NMR (500 MHz, CDCl3) δ 7.29-7.21 (m, 4H), 7.19-7.14 (m, 1H), 5.63 (d, 
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J=14 Hz, 1H), 4.10 (s; 1H), 3.80 (dt; J=13.9 Hz, 6.9 Hz; 1H), 3.70 (dd; J=8.5 Hz, 4.5 Hz; 
1H), 3.19 (dd; J=13.6 Hz, 4.6 Hz; 1H), 2.92 (s; 3H), 2.85 (dd; J=14.1 Hz, 6.6 Hz, 1H), 
1.72-1.62 (m; 2H), 1.29-1.20 (m; 4H), 1.19-0.97 (m; 6H), 0.93 (s; 9H), 0.85 (t; J=7.7 Hz; 
3H). 13C (125 MHz, CDCl3) δ 172.5, 138.8, 138.6, 129.7, 128.4, 126.4, 102.5, 88.4, 66.0, 
39.8, 37.5, 31.7, 31.3, 30.8, 30.2, 28.5, 26.2, 22.7, 14.2.  HRMS (ESI+) exact mass 
calculated for [M+H]+ (C23H37N2O) requires m/z 357.2906, found m/z 357.2887.   
5.5.2 Procedure for optimized SOMO reaction 
 In the dry box, a flame-dried 100 mL round bottom flask equipped with magnetic 
stir bar was charged with azeotroped 3 (0.246 g, 1 mmol), azeotroped CAN (6.6 g, 12 
mmol), and azeotroped NaHCO3 (0.64 g, 7.5 mmol), sealed with a rubber septum, and 
cooled to -78 oC under Ar.  20 mL of DME dried with sodium benzophenone ketyl was 
added to the flask and allowed to cool.  The slurry was then evacuated with vigorous 
stirring for several minutes.  The flask was back-filled with Ar.  H2O (18 µL, 10 mmol) 
was added to the flask.  The flask was then evacuated and back-filled with Ar two more 
times with vigorous stirring.  2 dried with 3A molecular sieves (2 mL, 12.5 mmol) and 
distilled 1 (0.78 mL, 5 mmol) were added via syringe.  The reaction was warmed to -20 
oC and stirred under Ar for 8 h.  The reaction was then poured into 150 mL diethyl ether 
and shaken vigorously.  The solution was filtered through a bed of Celite.  The filtrate 
was dried with MgSO4 and concentrated via rotary evaporation giving 4 as a yellow oil 
(0.748 g, 89% yield, 86% ee).  1H NMR (500 MHz, CDCl3) δ 9.56 (d, J=2.4 Hz, 1H), 
5.74-5.65 (m, 1H), 5.06-4.98 (m, 2H), 2.39-3.28 (m, 2H), 2.23-2.16 (m, 2H), 1.65-1.56 
(m, 2H), 1.49-1.39 (m, 2H), 1.34-1.16 (m, 6H), 0.84 (bt, J=7.4 Hz, 3H).  13C (125 MHz, 
CDCl3) δ 204.5, 136.4, 117.0, 51.7, 33.5, 32.2, 29.9, 28.8, 27.4, 23.1, 14.1.  
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Enantiopurity was determined by GLC using a Varian Chirasil-Dex-CB (25 m x 0.25 
mm) column (100 °C isotherm);  (S) isomer tr = 23.2 min and (R) isomer tr = 23.8 min. 
5.5.3 Procedure for acidic SOMO reaction 
 In the dry box, a flame-dried 100 mL round bottom flask equipped with magnetic 
stir bar was charged with azeotroped 3 (0.246 g, 1 mmol), azeotroped CAN (6.6 g, 12 
mmol), and azeotroped NaHCO3 (0.64 g, 7.5 mmol), sealed with a rubber septum, and 
cooled to -78 oC under Ar.  20 mL of DME dried with sodium benzophenone ketyl was 
added to the flask and allowed to cool.  The slurry was then evacuated with vigorous 
stirring for several minutes.  The flask was back-filled with Ar.  H2O (18 µL, 10 mmol) 
and A (76.5 µL, 1 mmol) were added to the flask.  The flask was then evacuated and 
back-filled with Ar two more times with vigorous stirring.  2 dried with 3A molecular 
sieves (2 mL, 12.5 mmol) and distilled 1 (0.78 mL, 5 mmol) were added via syringe.  The 
reaction was warmed to -20 oC and stirred under Ar for 8 h.  The reaction was then 
poured into 150 mL diethyl ether and shaken vigorously.  The solution was filtered 
through a bed of Celite.  The filtrate was dried with MgSO4 and concentrated via rotary 
evaporation giving 4 as a yellow oil (0.748 g, 95% yield, 89% ee).  1H NMR (500 MHz, 
CDCl3) δ 9.56 (d, J=2.4 Hz, 1H), 5.74-5.65 (m, 1H), 5.06-4.98 (m, 2H), 2.39-3.28 (m, 
2H), 2.23-2.16 (m, 2H), 1.65-1.56 (m, 2H), 1.49-1.39 (m, 2H), 1.34-1.16 (m, 6H), 0.84 
(bt, J=7.4 Hz, 3H).  13C (125 MHz, CDCl3) δ 204.5, 136.4, 117.0, 51.7, 33.5, 32.2, 29.9, 
28.8, 27.4, 23.1, 14.1.  Enantiopurity was determined by GLC using a Varian Chirasil-
Dex-CB (25 m x 0.25 mm) column (100 °C isotherm);  (S) isomer tr = 23.2 min and (R) 
isomer tr = 23.8 min. 
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Figure A-1. UV/vis spectrum of CAN and 2,4-decanedione in MeCN, [CAN]=0.1 mM, 
[diketone]=0.1 mM  
 
 
Figure A-2. Comparison of UV/visible spectra of CAN before and after reaction with 
2,4-pentanedione. Spectrum 1 represents CAN in MeCN. Spectrum 2 represents the 
UV/visible spectrum of the Ce(III) salt formed after reaction with 2,4-pentanedione.  
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Figure S1. UV-vis spectrum of CAN and 2,4-decanedione in CH3CN, [CAN]=0.1 mM, 
[diketone]=0.1 mM 
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Figure S2 Comparison of UV-visible spectra of CAN before and after reaction 
with 2,4-pentanedione. Spectrum 1 represents CAN in CH3CN. Spectrum 2 
represents the UV-visible spectrum of the Ce(III) salt formed after reaction with 
2,4 pentanedione. 
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Figure S1. UV-vis spectrum of CAN and 2,4-decanedione in CH3CN, [CAN]=0.1 mM, 
[diketone]=0.1 mM 
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Figure S2 Comparison of UV-visible spectra of CAN before and after reaction 
with 2,4-pentanedione. Spectrum 1 represents CAN in CH3CN. Spectrum 2 
represents the UV-visible spectrum of the Ce(III) salt formed after reaction with 
2,4 pentanedione. 
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Figure A-3. Time-resolved absorption spectrum observed from CAN and 2,4-
decanedione in MeCN in the range of 290-500 nm ([diketone]:[CAN]=20 mM:1 mM) at 
25 oC.  
 
 
Figure A-4. Time-resolved absorption spectrum observed from CAN and 2,4-
decanedione in MeCN in the range of 360-500 nm ([diketone]:[CAN]=20 mM:1 mM) at 
25 oC. 
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Figur  S3. Time-resolved absorption spectrum observed from CAN and 2,4-decanedione 
in CH3CN in the range of 290-500 nm ([diketone]:[CAN]=20 mM:1 mM) at 25 oC 
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Figure S4. Time-resolved absorption spectrum observed from CAN and 2,4-decanedione 
in CH3CN in the range of 360-500 nm ([diketone]:[CAN]=20 mM:1 mM) at 25 oC 
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Figure S3. Time-resolved absorption spectrum observed from CAN and 2,4-decanedione 
in CH3CN in the range of 290-500 nm ([diketone]:[CAN]=20 mM:1 mM) at 25 oC 
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Figure S4. Time-r solved absorption spectrum observed fr m CAN and 2,4-decanedione 
in CH3CN in the range of 360-500 nm ([diketone]:[CAN]=20 mM:1 mM) at 25 oC 
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Figure A-5. Time-resolved absorption spectrum observed from CTAN and 2,4- 
decanedione in DCM in the range of 355-470 nm ([diketone]:[CTAN]=20 mM:1 mM) at 
25 oC. 
 
 
Figure A-6. Time-resolved absorption spectrum observed from CAN and 2,4-
decanedione in MeOH in the range of 250-750 nm ([diketone]:[CAN]=20 mM:1 mM) at 
25 oC. 
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Figur  S5. Time-resolved absorption spectrum observed from CTAN and 2,4-
decanedione in CH2Cl2 in the range of 355-470 nm ([diketone]:[CTAN]=20 mM:1 mM) 
at 25 oC 
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Figure S6. Time-resolved absorption spectrum observed from CAN and 2,4-decanedione 
in CH3OH in the range of 250-750 nm ([diketone]:[CAN]=20 mM:1 mM) at 25 oC 
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Figure S5. Time-resolved absorption spectrum observed from CTAN and 2,4-
decanedione in CH2Cl2 in the range of 355-470 nm ([diketone]:[CTAN]=20 mM:1 mM) 
at 25 oC 
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Figure S6. Time-r solved absorption spectrum obs rved from CAN and 2,4-decanedione 
in CH3OH in the range of 250-750 nm ([diketone]:[CAN]=20 mM:1 mM) at 25 oC 
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Figure A-7.  Time-resolved absorption spectrum observed from CTAN and 6-phenyl-
2,4- hexanedione in DCM in the range of 320-520 nm ([diketone]:[CTAN]=20 mM:1 
mM) at 25 oC.  Inset: Wavelength range of 380-480 nm. 
 
 
Figure A-8. Typical stopped-flow trace for the decay of radical cation at 460 nm 
generated from Ce(IV) reagents and 2,4-pentanedione in different solvents at 25 oC. 
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Figure S7. Time-resolved absorption s trum observed from CTAN and 6-phenyl-2,4-
hexanedione in CH2Cl2 in the rang  f 20-520 nm ([diketone]:[CTAN]=20 mM:1 M) 
at 25 oC. Inset: Wavelength range of 380-480 nm 
 
Figure S8. Typical stopped-flow trace for the decay of radical cation at 460 nm generated 
from Ce(IV) reagents and 2,4-pentanedione in different solvents at 25 oC 
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Figure S7. Time-resolved absorption spectrum observed from CTAN and 6-phenyl-2,4-
hexanedione in CH2Cl2 in the range of 20-520 nm ([diketone]:[CTAN]=20 mM:1 mM) 
at 25 oC. Inset: Wavelength range of 380-480 nm 
 
Figure S8. Typical stopped-flow trace for the decay of radical cation at 460 nm generated 
from Ce(IV) reagents and 2,4-pentanedione in different solvents at 25 oC 
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Figure A-9.  Stopped-flow trace showing the decay of CAN at 330 nm in the presence of 
4-(trimethyl silyloxy)-3-penten-2-one in MeCN at 25 oC. 
 
 
Figure A-10.  Stopped-flow trace showing the decay of CTAN at 330 nm in the presence 
of 4-(trimethylsilyloxy)-3-penten-2-one in DCM at 25 oC. 
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Figure S9. Stopped-flow trace showing the decay of CAN at 330 nm in the presence of 4-
(trimethyl silyloxy)-3-penten-2-one in CH3CN at 25 oC 
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Figure S10. Stopped-flow trace showing the decay of CTAN at 330 nm in the presence of 
4-(trimethyl silyloxy)-3-penten-2-one in CH2Cl2 at 25 oC 
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Figure S9. Stopped-flow trace showing the decay of CAN at 330 nm in the presence of 4-
(trimethyl silyloxy)-3-penten-2-one in CH3CN at 25 oC 
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Figure S10. Stopped-flow trace showing the decay of CTAN at 330 nm in the presence of 
4-(trimethyl silyloxy)-3-penten-2-one in CH2Cl2 at 25 oC 
 161 
 
Figure A-11.  Stopped-flow trace showing radical cation formation at 460 nm generated 
from CTAN and 4-(trimethylsilyloxy)-3-penten-2-one in DCM at 25 oC. 
 
 
Figure A-12.  Stopped-flow trace showing radical cation decay at 460 nm generated from 
CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in DCM at 25 oC. 
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Figure S11. Stopped-flow trace showing radical cation formation at 460 nm generated 
from CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH2Cl2 at 25 oC 
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Figure S12. Stopped-flow trace showing radical cation decay at 460 nm generated from 
CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH2Cl2 at 25 oC 
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Figure S11. Stopped-flow trace showing radical cation formation at 460 nm generated 
from CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH2Cl2 at 25 oC 
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Figure S12. Stopped-flow trace showing radical cation decay at 460 nm generated from 
CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH2Cl2 at 25 oC 
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Figure A-13.  Stopped-flow trace showing the decay of CAN at 330 nm in the presence 
of 4-(trimethyl silyloxy)-3-penten-2-one in MeOH at 25 oC. 
 
 
Figure A-14.  Stopped-flow trace showing radical cation formation at 460 nm generated 
from CAN and 4-(trimethyl silyloxy)-3-penten-2-one in MeOH at 25 oC. 
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Figure S13. Stopped-flow trace showing the decay of CAN at 330 nm in the presence of 
4-(trimethyl silyloxy)-3-penten-2-one in CH3OH at 25 oC 
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Figure S14. Stopped-flow trace showing radical cation formation at 460 nm generated 
from CAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3OH at 25 oC 
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Figure S13. Stopped-flow trace showing the decay of CAN at 330 nm in the presence of 
4-(trimethyl silyloxy)-3-penten-2-one in CH3OH at 25 oC 
 








     
7LPHV
$E
VR
UE
DQ
FH
 
Figure S14. Stopped-flow trace showing radical cation formation at 460 nm generated 
from CAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3OH at 25 oC 
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Figure A-15.  Stopped-flow trace showing radical cation decay at 460 nm generated from 
CAN and 4-(trimethyl silyloxy)-3-penten-2-one in MeOH at 25 oC. 
 
 
Figure A-16.  Eyring plot for CTAN and 6-phenyl-2,4-hexanedione in DCM. 
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Figure S15. Stopped-flow trace showing radical cation decay at 460 nm generated from 
CAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3OH at 25 oC 
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Figure S16. Eyring plot for CTAN and 6-phenyl-2,4-hexanedione in CH2Cl2 
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Figure S15. Stopped-flow trace showing radical cation decay at 460 nm generated from 
CAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3OH at 25 oC 
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Figure S16. Eyring plot for CTAN and 6-phenyl-2,4-hexanedione in CH2Cl2 
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Figure A-17.  Eyring plot for CAN and 6-phenyl-2,4-hexanedione in MeCN. 
 
Figure A-18.  Eyring plot for CTAN and 6-phenyl-2,4-hexanedione in  MeCN. 
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Figure S17. Eyring plot for CAN and 6-phenyl-2,4-hexanedione in CH3CN 
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Figure S18. Eyring plot for CTAN and 6-phenyl-2,4-hexanedione in CH3CN 
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Figure S17. Eyring plot for CAN and 6-phenyl-2,4-hexanedione in CH3CN 
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Figure S18. Eyring plot for CTAN and 6-phenyl-2,4-hexanedione in CH3CN 
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Figure S19. Eyring plot for CAN and 6-phenyl-2,4-hexanedione in CH3OH 
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Figure S20. Eyring plot for CAN and 2,4-petanedione in CH3CN 
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Figure A-19.  Eyring plot for CAN and 6-phenyl-2,4-hexanedione in MeOH. 
 
Figure A-20.  Eyring plot for CAN and 2,4-petanedione in MeCN. 
 
Figure A-21.  Eyring plot for CAN and 2,4-petanedione in MeOH. 
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Figure S19. Eyring plot for CAN and 6-phenyl-2,4-hexanedione in CH3OH 
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Figure S20. Eyring plot for CAN and 2,4-petanedione in CH3CN 
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Figure S21. Eyring plot for CAN and 2,4-petanedione in CH3OH 
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Figure S22. Eyring plot for CTAN and 2,4-petanedione in CH3CN 
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Figure A-22.  Eyring plot for CTAN and 2,4-petanedione in MeCN. 
 
Figure A-23.  Eyring plot for CTAN and 2,4-petanedione in DCM. 
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Figure S21. Eyring plot for CAN and 2,4-petanedione in CH3OH 
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Figure S22. Eyring plot for CTAN and 2,4-petanedione in CH3CN 
 
 
 S14
R2 = 0.998
-34.5
-34
-33.5
-33
-32.5
-32
-31.5
3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.5
1/T X 103
ln
(k
ob
sh
/K
T)
 
Figure S23. Eyring plot for CTAN and 2,4-petanedione in CH2Cl2 
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Figure S24. Eyring plot for CAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3OH 
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Figure A-24.  Eyring plot for CAN and 4-(trimethyl silyloxy)-3-penten-2-one in MeOH. 
 
Figure A-25.  Eyring plot for CAN and 4-(trimethyl silyloxy)-3-penten-2-one in MeCN. 
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Figure S23. Eyring plot for CTAN and 2,4-petanedione in CH2Cl2 
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Figure S24. Eyring plot for CAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3OH 
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Figure S25. Eyring plot for CAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3CN 
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Figure S26. Eyring plot for CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3CN 
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Figure S25. Eyring plot for CAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3CN 
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Figure S26. Eyring plot for CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH3CN 
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Figure A-26.  Eyring plot for CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in 
MeCN. 
 
Figure A-27.  Eyring plot for CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in DCM. 
 
Figure A-28.  Plot for determination of reaction order of MeOH in the decay of 4+· in 
DCM. 
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Figure S27. Eyring plot for CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH2Cl2 
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Figure S28. Plot for determination of reaction order of CH3OH in the decay of 4+ǜ in 
CH2Cl2 
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Figure S27. Eyring plot for CTAN and 4-(trimethyl silyloxy)-3-penten-2-one in CH2Cl2 
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Figure S28. Plot for determination of reaction order of CH3OH in the decay of 4+ǜ in 
CH2Cl2 
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Figure A-29.  Plot for determination of reaction order of MeOH in the decay of 4+· in 
DCM.  
 
 
Figure A-30.  Cyclic Voltammogram of CAN in MeOH. E1/2 = 570 ± 20 mV vs. 
saturated Ag/AgNO3 reference electrode. f 
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Figure S29. Plot for determination of reaction order of CH3OH in the decay of 4+ǜ in 
CH2Cl2. 
 
Figure S30.  Cyclic Voltammogram of CAN in MeOH.  E1/2 = 570 ± 20 mV vs. sat'd 
Ag/AgNO3 reference electrode.   
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Figure S29. Plot for determination of reaction order of CH3OH in the decay of 4+ǜ in 
CH2Cl2. 
 
Figure S30.  Cyclic Voltammogram of CAN in MeOH.  E1/2 = 570 ± 20 mV vs. sat'd 
Ag/AgNO3 reference electrode.   
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NMR Spectra of Tetra-Substituted Pyrazoles 
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SOMO Kinetic Data 
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Figure A-31.  Decay for run 1. 
 
 
Figure A-32.  Decay for run 2. 
 
Figure A-33.  Decay for run 3. 
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Figure S1:  Decay data for Run 1 
 
Figure S2:  Decay data for Run 2 
 
Math for conversion of decay data 
1. The raw data as a plot of [1] vs. time (s) was fitted as a second order 
exponential decay in the cases of Runs 1 and 2 and as a first order exponential 
decay in the cases of the remaining runs. 
 
2. The fits given as  
 
   
 
for Runs 1 and 2, and  
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Figure S1: Decay data for Run 1 
 
Figure S2:  Decay data for Run 2 
 
Math for conversion of decay data 
1. The raw data as a plot of [1] vs. time (s) was fitted as a second order 
exponential decay in the cases of Runs 1 and 2 and as a first order exponential 
decay in the cases of the remaining runs. 
 
2. The fits given as  
 
   
 
for Runs 1 and 2, and  
 
 S6 
Where k=1, [1]=x=0-0.25, and [H2O]=0-0.5.  If the [H2O] was changing over the 
course of the reaction, the RPKA plots would show a concave down shape, which 
is not present in the RPKA results. 
 
Table S2:  Conditions for SOMO Same Excess experiment with 2 equiv H2O. 
Run [1] [CAN] [NaHCO3] [2] [H2O] [3] [4] 
Run 3 - 
0% 0.250 0.600 0.375 0.625 0.500 0.050 0.000 
Run 3 - 
50% 0.125 0.350 0.250 0.500 0.500 0.050 0.125 
Run 4 0.125 0.350 0.250 0.500 0.500 0.050 0.000 
 
Figure S3:  Decay data for Run 3 
 
 
Figure S4:  Decay data for Run 4 
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Figure A-34.  Decay for run 4. 
 
 
Figure A-35.  Decay for run 5. 
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Where k=1, [1]=x=0-0.25, and [H2O]=0-0.5.  If the [H2O] was changing over the 
course of the reaction, the RPKA plots would show a concave down shape, which 
is not present in the RPKA results. 
 
Table S2:  Conditions for SOMO Same Excess experiment with 2 equiv H2O. 
Run [1] [CAN] [NaHCO3] [2] [H2O] [3] [4] 
Run 3 - 
0% 0.250 0.600 0.375 0.625 0.500 0.050 0.000 
Run 3 - 
50% 0.125 0.350 0.250 0.500 0.500 0.050 0.125 
Run 4 0.125 0.350 0.250 0.500 0.500 0.050 0.000 
 
Figure S3:  Decay data for Run 3 
 
 
Figure S4:  Decay data for Run 4 
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Table S3:  Conditions for determination of the effect of H2O.  
Run [Octanal] [CAN] [NaHCO3] [AllylTMS] [H2O] [Catalyst] 
Run 5 0.250 0.600 0.375 0.625 1.000 0.050 
Run 6 0.125 0.350 0.250 0.500 1.000 0.050 
 
 
Figure S5:  Decay data for Run 5 
 
  
Figure S6:  Decay data for Run 6 
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Table S3:  Conditions for determination of the effect of H2O.  
Run [Octanal] [CAN] [NaHCO3] [AllylTMS] [H2O] [Catalyst] 
Run 5 0.250 0.600 0.375 0.625 1.000 0.050 
Run 6 0.125 0.350 0.250 0.500 1.000 0.050 
 
 
Figure S5:  Decay data for Run 5 
 
  
Figure S6:  Decay data for Run 6 
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Figure A-36.  Decay for run 6. 
 
Figure A-37.  Decay for different excess CAN. 
 
 
Figure A-38.  Decay for different excess NaHCO3. 
 
 
Figure A-39.  Different excess for NaHCO3. 
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Figure S9.  SOMO reaction at -20 oC with 2 equiv H2O. In the absence of 1, [CAN] = 
0.39 M. 
 
Table S4:  Conditions for SOMO Different Excess experiment for rate order of CAN. 
Run [1] [CAN] [CAN]ex [NaHCO3] [2] [H2O] [3] 
0.35 M CAN 0.125 0.350 0.100 0.250 0.500 0.500 0.050 
0.6 M CAN 0.125 0.600 0.350 0.250 0.500 0.500 0.050 
 
Figure S10:  Decay data for CAN different excess run 
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Figure S11:  Plot of rate vs. [1] for the rate order of CAN 
 
Table S5:  Conditions for SOMO Different Excess experiment for rate order of NaHCO3. 
Run [1] [CAN] [NaHCO3] [NaHCO3]ex [2] [H2O] [3] 
0.25 M NaHCO3 0.125 0.350 0.250 0.125 0.500 0.500 0.050 
0.5 M NaHCO3 0.125 0.350 0.500 0.375 0.500 0.500 0.050 
 
 
Figure S12:  Decay data for NaHCO3 different excess run 
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Figure S13:  Plot of rate vs. [1] for the rate order of NaHCO3. 
 
Procedure for reaction with 0 NaHCO3 
 Using conditions similar to Run 3, a 100 mL round bottom flask equipped with 
magnetic stir bar was charged with 3 and CAN.  No NaHCO3 was added to the flask. 20 
mL of DME was added to the flask and it was sealed with a rubber septum.  The slurry 
was cooled to -78 oC and evacuated with vigorous stirring for several minutes.  The flask 
was back-filled with Ar.  H2O was added to the flask.  The flask was then evacuated and 
back-filled with Ar two more times with vigorous stirring.  2 and 1 were added via 
syringe.  The reaction was warmed to -20 oC and stirred under Ar. This process required 
approximately 15 m.  
 After reaching -20oC, 0.5 mL aliquots were drawn from the reaction during its 
course and quenched in 1.5 mL cooled diethyl ether containing biphenyl as a standard.  
The resultant supernatant was analyzed via GC. 
 The reaction did not go to completion as a result of protonation the catalyst due to 
an increase in pH.  
 
Table S6:  Conditions for SOMO Different Excess experiment for rate order of 3.   
Run [1] [CAN] [NaHCO3] [2] [H2O] [3] 
0.05 M 3 0.125 0.350 0.250 0.500 0.500 0.050 
0.025 M 3 0.125 0.350 0.250 0.500 0.500 0.025 
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Figure A-40.  Decay for different excess 3. 
 
 
 
Figure A-41.  Different excess for 3. 
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Figure S14:  Decay data for different 3 loading run 
 
Figure S15:  Plot of rate/[3] vs. [1] for the rate order of 3. 
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Figure S14:  Decay data for different 3 loading run 
 
Figure S15:  Plot of rate/[3] vs. [1] for the rate order of 3. 
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Figure A-42.  Same excess for CAN in THF with 3 equiv H2O run 1. 
 
Figure A-43.  Same excess for CAN in THF with 3 equiv H2O run 2. 
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Figure A-44.  Different excess in THF with 3 equiv H2O for CAN. 
 
Figure A-45.  Different excess in THF with 3 equiv H2O for NaHCO3. 
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Figure A-46.  Same excess of CTAN-mediated reaction in MeCN with 2 equiv H2O run 
1. 
 
 
Figure A-47.  Same excess of CTAN-mediated reaction in MeCN with 2 equiv H2O run 
2. 
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Figure A-48.  Different excess of CTAN-mediated reaction in MeCN with 2 equiv H2O 
for NaHCO3. 
 
Figure A-49.  Different excess of CTAN-mediated reaction in MeCN with 2 equiv H2O 
for 3. 
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Figure A-50.  Same excess of CTAN-mediated reaction in acetone with 2 equiv H2O run 
1. 
 
Figure A-51.  Same excess of CTAN-mediated reaction in acetone with 2 equiv H2O run 
2. 
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Figure A-52.  Different excess of CTAN-mediated reaction in acetone with 2 equiv H2O 
for 3. 
 
Figure A-53.  Same excess 9-TFA-catalyzed reaction with 0 equiv H2O run 1. 
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Figure A-54.  Same excess 9-TFA-catalyzed reaction with 0 equiv H2O run 2. 
 
Figure A-55.  Same excess 10 mol% 3-TFA-catalyzed reaction with 1 equiv H2O run 1. 
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Figure A-56.  Same excess 10 mol% 3-TFA-catalyzed reaction with 1 equiv H2O run 2. 
 
Figure A-57.  Decay for 10 mol% 3-TCA-catalyzed reaction. 
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Figure A-58.  Decay for 10 mol% 3-CSA-catalyzed reaction. 
 
Figure A-59.  Decay for 10 mol% 3-Ts-catalyzed reaction. 
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Figure A-60.  Decay for 20 mol% 3-ClO4-catalyzed reaction. 
 
 
Figure A-61.  Decay for 10 mol% 3-catalyzed reaction with 1 equiv TFA. 
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Figure A-62.  Decay for 10 mol% 3-catalyzed reaction with 10 mol% TFA. 
 
Figure A-63.  Decay for 10 mol% 3-catalyzed reaction with 20 mol% TFA. 
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Figure A-64.  Decay for 10 mol% 3-catalyzed reaction with 1 equiv NaTFA. 
 
Figure A-65.  Decay for 10 mol% 3-catalyzed reaction with 20 mol% NaTFA. 
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Figure A-66.  Decay for 10 mol% 3-catalyzed reaction with 20 mol% NaTCA. 
 
Figure A-67.  Decay for 10 mol% 3-catalyzed reaction with 20 mol% NaTs. 
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Figure A-68.  Van’t Hoff analysis of equilibrium of 1 and 3. 
 
Figure A-69.  Van’t Hoff analysis of equilibrium of 1 and 8. 
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Figure A-70.  Van’t Hoff analysis of equilibrium of 1 and 9. 
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SOMO NMR Data
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Figure A-71.  1H NMR equilibrium of 1 and 3. 
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Figure S16:  NMR analysis on the effect of H2O and CAN on formation of 5: (1) 1 and 3 
in deuterated acetone, (2) 1 and 3 with 3 mol% CAN, (3) 2 equiv H2O, and (4) 4 equiv 
H2O.  Blue box denotes proton exclusive to 5.   
 
Procedure for synthesis of 5  
 
In a 100 mL round bottom flask, CAN (33 mg, 60 µmol) was dissolved in 40 mL 
anhydrous MeCN.  3 (0.49 g, 2 mmol) and 1 (311 µL, 2 mmol) were added and the 
reaction was stirred for 15 min.  The reaction was concentrated via rotary evaporation.  
Purification by Teledyne ISCO CombiFlash Rf (silica gel pretreated with 1% 
Et3N/EtOAC followed by Hexanes, 0-100% EtOAc/Hexanes) afforded 5 (0.1663, 23% 
yield).  1H NMR (500 MHz, CDCl3) δ 7.29-7.21 (m, 4H), 7.19-7.14 (m, 1H), 5.63 (d, 
J=14 Hz, 1H), 4.10 (s; 1H), 3.80 (dt; J=13.9 Hz, 6.9 Hz; 1H), 3.70 (dd; J=8.5 Hz, 4.5 Hz; 
1H), 3.19 (dd; J=13.6 Hz, 4.6 Hz; 1H), 2.92 (s; 3H), 2.85 (dd; J=14.1 Hz, 6.6 Hz, 1H), 
 240 
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Figure S17:  
1
H NMR of 5. 
 241 
 
 
 
 
  
 S17 
 
Figure S18:  
13
C NMR of 5. 
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Figure A-72.  1H NMR of 8. 
 
 243 
 
Figure A-73.  1H NMR of equilibrium of 1 and 8 at 5 oC. 
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Figure A-74.  1H NMR of equilibrium of 1 and 8 at 10 oC. 
 245 
 
Figure A-75.  1H NMR of equilibrium of 1 and 8 at 15 oC. 
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Figure A-76.  1H NMR of equilibrium of 1 and 8 at 20 oC. 
 247 
 
Figure A-77.  1H NMR of equilibrium of 1 and 8 at 25 oC. 
 248 
 
Figure A-78.  1H NMR of 9. 
 249 
 Figure A-79.  1H NMR of equilibrium of 1 and 9 at 5 oC. 
 250 
 
Figure A-80.  1H NMR of equilibrium of 1 and 9 at 10 oC. 
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Figure A-81.  1H NMR of equilibrium of 1 and 9 at 15 oC. 
 252 
 
Figure A-82.  1H NMR of equilibrium of 1 and 9 at 20 oC. 
 253 
 
Figure A-83.  1H NMR of equilibrium of 1 and 9 at 25 oC. 
 254 
 
Figure A-84.  1H NMR of equilibrium of 1 and 3 at 5 oC. 
 255 
 
Figure A-85.  1H NMR of equilibrium of 1 and 3 at 10 oC. 
 256 
 
Figure A-86.  1H NMR of equilibrium of 1 and 3 at 15 oC. 
 257 
 
Figure A-87.  1H NMR of equilibrium of 1 and 3 at 20 oC. 
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Figure A-88.  1H NMR of equilibrium of 1 and 3 at 25 oC. 
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